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Résumé 
 
Les polymères sensibles à des stimuli ont été largement étudiés ces dernières années 
notamment en vue d’applications biomédicales. Ceux-ci ont la capacité de changer leurs 
propriétés de solubilité face à des variations de pH ou de température. Le but de cette thèse 
concerne la synthèse et l’étude de nouveaux diblocs composés de deux copolymères 
aléatoires. Les polymères ont été obtenus par polymérisation radicalaire contrôlée du type 
RAFT (reversible addition-fragmentation chain-transfer). Les polymères à bloc sont formés 
de monomères de méthacrylates et/ou d’acrylamides dont les polymères sont reconnus 
comme thermosensibles et sensible au pH. 
Premièrement, les copolymères à bloc aléatoires du type AnBm-b-ApBq ont été 
synthétisés à partir de N-n-propylacrylamide (nPA) et de N-ethylacrylamide (EA), 
respectivement A et B, par polymérisation RAFT. La cinétique de copolymérisation des 
poly(nPAx-co-EA1-x)-block-poly(nPAy-co-EA1-y) et leur composition ont été étudiées afin 
de caractériser et évaluer les propriétés physico-chimiques des copolymères à bloc 
aléatoires avec un faible indice de polydispersité . Leurs caractères thermosensibles ont été 
étudiés en solution aqueuse par spectroscopie UV-Vis, turbidimétrie et analyse de la 
diffusion dynamique de la lumière (DLS). Les points de trouble (CP) observés des blocs 
individuels et des copolymères formés démontrent des phases de transitions bien définies 
lors de la chauffe. 
Un grand nombre de macromolécules naturels démontrent des réponses aux stimuli 
externes tels que le pH et la température. Aussi, un troisième monomère, 2-
diethylaminoethyl methacrylate (DEAEMA), a été ajouté à la synthèse pour former des 
copolymères à bloc , sous la forme AnBm-b-ApCq , et qui offre une double réponse (pH et 
température), modulable en solution. Ce type de polymère, aux multiples stimuli, de la 
forme poly(nPAx-co-DEAEMA1-x)-block-poly(nPAy-co-EA1-y), a lui aussi été synthétisé par 
polymérisation RAFT. Les résultats indiquent des copolymères à bloc aléatoires aux 
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propriétés physico-chimiques différentes des premiers diblocs, notamment  leur solubilité 
face aux variations de pH et de température. 
Enfin, le changement d’hydrophobie des copolymères a été étudié en faisant varier la 
longueur des séquences des blocs. Il est reconnu que la longueur relative des blocs affecte 
les mécanismes d’agrégation d’un copolymère amphiphile. Ainsi avec différents stimuli de 
pH et/ou de température, les expériences effectuées sur des copolymères à blocaléatoires de 
différentes longueurs montrent des comportements d’agrégation intéressants, évoluant sous 
différentes formes micellaires, d’agrégats et de vésicules. 
 
Mots clés : copolymères à blocaléatoires, thermo- et pH-sensible, polymérisation RAFT, 
copolymères à réponse variable, micelles et vésicules.  
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Abstract 
 
Stimuli-responsive polymers and their use in biomedical applications have been widely 
investigated in recent years. These polymers change their physical properties such as water-
solubility, when subjected to certain stimuli, for example change in temperature or pH. The 
main purpose of this work is to study new diblock copolymers consisting of two random 
copolymers, i.e., diblock random copolymers. Polymers with well-defined structures and 
tunable properties have been made using reversible addition−fragmentation chain-transfer 
(RAFT) polymerization, one of the controlled radical polymerization techniques. The 
blocks are made of acrylamide- and/or methacrylate-based monomers, which commonly 
show thermo-responsiveness and hence, double stimuli-responsive behavior is shown. 
First, a diblock random copolymer in the form of AnBm-b-ApBq was synthesized with 
N-n-propylacrylamide (nPA) and N-ethylacrylamide (EA) as A and B using RAFT 
polymerization. Kinetic study of the copolymerization process confirmed the controlled 
character of the copolymerization. The diblock random copolymers with the compositions 
of poly(nPAx-co-EA1-x)-block-poly(nPAy-co-EA1-y) and low polydispersity were obtained. 
With UV-visible spectroscopy and dynamic light scattering (DLS) we investigate their 
thermoresponsive characteristics in aqueous solutions. Individual blocks showed tunable 
cloud points, and the diblock copolymer exhibited a well-separated two-step phase 
transition upon heating.  
Macromolecules in nature can often respond to a combination of external stimuli, most 
commonly temperature and pH, rather than a single stimulus. Therefore, a second type of 
diblock random copolymer in the form of AnBm-b-ApCq was synthesized by combining a 
pH- and temperature-responsive block with another, only temperature-responsive block, 
producing responsiveness to multiple stimuli. This polymer with the composition of 
poly(nPAx-co-DEAEMA1-x)-block-poly(nPAy-co-EA1-y) where DEAEMA stands for 2-
diethylaminoethyl methacrylate with well-defined structure and tunable properties has also 
been made using sequential RAFT polymerization. The resulting diblock random 
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copolymer changes its physico-chemical properties, such as water-solubility, in a quite 
controlled manner when subjected to the changes in temperature or pH.  
What happens when blocks of different lengths change their relative hydrophilicity? It 
is known that the relative length of the blocks in amphiphilic diblock copolymers affects 
the aggregation mechanism. We compared three diblock copolymers with different block 
and chain lengths in aqueous solution when they change their relative hydrophilicity due to 
the change in the external stimuli. The variation of the length and chemical composition of 
the blocks allows the tuning of the responsiveness of the block copolymers toward both pH 
and temperature and determines the formation of either micelles or vesicles during the 
aggregation. 
 
Keywords: Block random copolymers, thermo- and pH-responsive polymers, RAFT 
polymerization, dual behavior copolymers, micelles and vesicles. 
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 Chapter 1 
Introduction 
 
 
1.1 Stimuli-responsive or smart materials 
Smart materials respond to environmental stimuli by producing a particular effect, such 
as changing their properties, structure or composition. For example, photochromic glasses 
are photo-responsive materials that reversibly change their color with changes in light 
intensity. 
Polymers responding to environmental changes have attracted great interest in polymer 
technology. These smart polymers have one or more properties that change in a controlled 
manner by external stimuli. Several reports have been published on the synthesis and 
application of polymers responding to stimuli that could be chemical, such as pH1, 2 and 
ionic strength,3 biochemical, such as enzyme4 and glucose,5 or physical, such as 
temperature6 and magnetic field.7 In general, a significant change in properties can be 
induced by a small stimulus in stimuli-responsive polymers. For instance, a complete phase 
separation can take place by a little change in the temperature near the cloud point of a 
thermo-responsive solution.  
The solution properties which can be changed in response to the external stimuli 
include individual chain dimensions/size, secondary structure, solubility (which is studied 
in this work), or the degree of intermolecular association.8 The physical reasons for those 
responses are mostly formation or destruction of hydrogen bonding, hydrophobic effects, 
and electrostatic interactions, wheras chemical reasons mainly include simple reaction of 
the functional groups in the polymer chain, such as acid–base reactions.8  
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Smart polymers give promise to a large number of applications depending on the 
stimulus to which they respond in fields such as biomedicine, optics, electronics, 
diagnostics, and pharmaceutical and cosmetic formulations.8, 9 
In this work, our focus is on thermo- and pH-responsive (co)polymers. Therefore, the 
responsiveness to these stimuli will be discussed in the next sections. 
1.1.1 Thermoresponsive polymers 
Thermoresponsive polymers are the most studied class of environmentally sensitive 
polymers. The first reported example of such polymers was poly(N-isopropylacrylamide) 
(PNIPAM) in 1968.10 They exhibit a phase transition (typically in aqueous solution) at 
certain critical temperature according to their composition. If the polymer solution exhibits 
one phase below a certain temperature and phase separates above it, the temperature is 
called lower critical solution temperature (LCST). On the other hand, systems that appear 
monophasic above a specific temperature and biphasic below it, are characterized by an 
upper critical solution temperature (UCST). The systems described in this work show 
LCST-like behavior which is the focus of the following sections. 
Lower critical solution temperature (LCST). Polymers showing LCST behavior in 
aqueous solutions are soluble in water below a certain critical temperature, because 
hydrogen bonding between the hydrophilic segments of the polymer chain and water 
molecules is dominant. The LCST was first explained for the aqueous solution of 
PNIPAM.10 Partial displacement of water from the polymer coil occurs due to the increase 
in temperature, resulting in the weakening of hydrogen bonds. This increases the 
hydrophobic interactions in the polymer chain. As a result, the polymers collapse, 
aggregate and phase separate, because the intra- and intermolecular hydrogen bonds 
between the hydrophobic parts of polymer molecules are favored compared with the bonds 
to water molecules. Thermoresponsive polymer chains form the expanded coil 
conformation in solution, while they collapse to form compact globuli at the phase 
separation temperature.11 
In other words, below the LCST, the enthalpy of formation of the hydrogen bonds 
between the polymer and the water molecules is responsible for the polymer dissolution. 
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When raising the temperature above the LCST, the solvent expands much more rapidly 
than the polymer, whose segments are covalently linked. Hence, mixing requires 
contraction of the solvent for compatibility of the polymer, resulting in a loss of entropy. 
Therefore, above the LCST, the separation is actually entropically favorable and polymer 
precipitates (Figure 1.1). 
 
 
Figure 1.1 Phase separation of a thermo-responsive polymer which shows LCST in 
water. 
The phase separation temperature depends on the polymer concentration. Therefore, 
the solubility phase diagram of the thermoresponsive polymers shows a composition 
dependent temperature over a wide range of concentrations as shown in Figure 1.2 for 
PNIPAM. LCST is the minimum point in this diagram,10 while other phase separation 
temperatures have been assigned by different names such as cloud point or demixing 
temperature.12 For simplicity, we will use the term LCST in the text. 
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Figure 1.2 PNIPAM solubility phase diagram in water. Reproduced  from Ref. 10, © 
1968 Taylor & Francis Group. 
Monomers for thermoresponsive polymers. Most of the synthetic polymers with 
temperature-dependent phase transition behavior belong to certain types of polymers; 
poly(acrylamide)s, which will be the focus of this work, poly(methacrylamide)s,13 
polyethers,14 poly(N-vinylamide)s,15 poly(oxazoline)s,16 and poly(phosphazene)s,17 whose 
structures are shown in Figure 1.3. 
 
 
Figure 1.3 Common types of thermoresponsive polymers. 
Aseyev et al.11 have comprehensively reviewed different types of thermoresponsive 
(co)polymers and have described various synthetic methods as well as aqueous solutions 
properties of these polymers. 
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Modification of LCST. The LCST of thermoresponsive polymers can be tuned by 
copolymerization with hydrophilic or hydrophobic monomers as reported by our group18, 19 
and others.20, 21 For example, desired thermosensitivity could be achieved by 
copolymerization of N-alkylacrylamides with cholic acid derivatives.18 In another work, 
various alkylacrylamides were copolymerized to obtain the desired LCST.19 In both cases, 
the thermosensitivity of the copolymers depends on their chemical composition.  
In addition, in a series of works by our lab, multi-step LCSTs were shown for diblock 
and even triblock copolymers.22, 23 In this case, the block copolymers show separate LCSTs 
for blocks with different compositions. For example, a three-step transition was observed 
for the ABC triblock copolymer from poly(N-n-propylacrylamide) (PnPA), PNIPAM, and 
poly(N, N-ethylmethylacrylamide) (PEMA), poly(nPA124-b-NIPAM80-b-EMA44) at long 
detection wavelength in UV-vis spectra (Figure 1.4). Each transmittance step in Figure 1.4 
comes from a certain block. For instance, the first transition at around 25 oC belongs to the 
most hydrophobic block, PnPA, and the last one at around 58 oC comes from the most 
hydrophilic block, PEMA. At short wavelengths (such as 250 nm), only one transition was 
observed due to the strong wavelength dependence of scattering (~ λ-4), which means that 
shorter wavelengths (blue) are scattered more strongly than longer (red) ones.24  
 
Figure 1.4 Transmittance of a 1.0 mg/mL aqueous solution of PnPA124-b-PNIPAM80-
b-PEMA44 as a function of temperature with heating rate of 0.1 °C/min observed at 
different wavelengths.  Reprinted from Ref. 22, © 2009 American Chemical Society. 
 6
1.1.2 pH-responsive polymers 
In pH-responsive polymers, a certain physical property, such as solubility, can be 
manipulated by the changes in external pH, and this response should be reversible. 
Regarding biomedical applications, since the pH in most tumors is significantly lower 
(∼ 6.5) than the pH of the blood (7.4) at 37 oC,25 pH-responsive polymers can be designed 
for various potential applications, such as controlled drug delivery, industrial coatings, oil 
exploration, viscosity modifiers, colloidal stabilization, water remediation, etc.1, 2 
Monomers for pH-responsive polymers. Polyelectrolyte is a general name for 
polymers containing ionizable groups either in the backbone or as pendent groups. Since 
ionization occurs as a result of pH change, polyelectrolytes are pH-sensitive and can be 
divided into two main classes: polyacids and polybases. The solubility of weak 
polyelectrolytes depends on the degree of ionization, which varies by changing the pH. 
Increasing the pH of acidic polyelectrolyte solutions, such as poly(acrylic acid) (PAA), 
results in deprotonation (ionization) of the carboxylic pendent groups. As a result, the 
solubility of the polymer chains increases because of negative charges. Inversely, the 
carboxylic groups protonate by decreasing the pH (below the pKa) rendering the polymer 
hydrophobic and less water-soluble. On the other hand, polybases, such as poly(2-
diethylaminoethyl methacrylate) (PDEAEMA), ionize and become positively charged at 
low pHs (below their pKa) due to the protonation of amine groups. Polymer chains become 
less water-soluble by increasing the pH and neutralization of the amine groups.  
 Figure 1.5 shows the ionization processes of PAA and PDEAEMA as examples of 
polyacids and polybases, respectively. 
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Figure 1.5 Ionization processes of two representative pH-responsive polymers, PAA 
and PDEAEMA. 
The diblock copolymer of polystyrene and poly(acrylic acid), PS-b-PAA, is one of the 
earliest and most extensively studied pH-responsive PAA-based polymeric system.1 At low 
pH, the polymer is water-insoluble, and with increasing pH, the ionization of PAA renders 
it negatively charged. As a result, the polymers self-assemble in solution and form 
aggregates of different morphologies, depending on the PAA block length, pH, and salt 
concentration. Among these morphologies, vesicles are of great interest owing to their 
potential applications as encapsulating agents, particularly in the fields of biomedicine and 
drug delivery.26 PS-b-PAA diblock copolymer vesicles were thermodynamically stable in 
dioxane–THF–H2O or DMF–THF–H2O solutions. The vesicle sizes can be reversibly 
changed by manipulating the solvent composition, especially water content.27 
Poly(2-diethylaminoethyl methacrylate), PDEAEMA is one of the polymers used in 
this work, so it is separately explained in this section. PDEAEMA is more hydrophobic 
than poly(2-diethylaminoethyl methacrylate), PDMAEMA. Hence it is water-insoluble at 
ambient temperature at neutral or basic pH and shows only pH-responsive, not thermo-
responsive behavior.1 Also the copolymerization of DMAEMA and DEAEMA has been 
demonstrated 28 and in such case, the aggregation number depends on pH. Decreasing the 
pH results in increasing positive charge in PDMAEMA-b-PDEAEMA micelles. This gives 
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micelles with swelled corona, accompanied by the reduction in the aggregation number 
due to electrostatic repulsion. Increasing ionic strength has the opposite effect on the 
aggregation number because of the screening of electrostatic repulsion between the chains. 
At high ionic strengths, the PDMAEMA-b-PDEAEMA corona shrinks, which results in an 
increase in aggregation number. Block copolymerization of PDEAEMA with hydrophilic 
poly(hexa(ethylene glycol) methacrylate), PHEGMA, yields double hydrophilic diblock 
copolymers.29 The degree of ionization of PDEAEMA determines the hydrophilicity of the 
block copolymer. Unimers were observed at low pH due to the protonated hydrophilic 
tertiary amine units. However, deprotonation of the amine groups at higher solution pH 
makes PDEAEMA more hydrophobic, which induces the formation of micelles with 
PDEAEMA core and PHEGMA corona. Copolymerization of PDEAEMA with many other 
monomers is also reported, such as poly(ethylene oxide) (PEO),30 PS,31 poly(2-
vinylpyridine) (P2VP).32 PDEAEMA has also found application for example in bio-
nanotechnology, where it has been grafted on the surfaces of multiwalled carbon nanotubes 
(MWNTs) to produce magnetic nanotubes after the assembly with negatively charged 
magnetic particles (Figure 1.6).33 The magnetic nanotubes were used to assemble onto the 
red blood cells, resulting in the separation of the cells in a magnetic field. 
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Figure 1.6 Synthetic route for magnetic MWNTs through ATRP and electrostatic 
assembly with Fe3O4. Reprinted  from Ref. 33, © 2006 American Chemical Society.  
The positively charged nature of PDEAEMA backbone in a comb-type copolymer with 
poly(L-lysine) (PLL) side chains allows binding DNA via electrostatic interaction. This 
system could be used as a pH-sensitive DNA carrier.34 
1.1.3 Multi-stimuli responsive (co)polymers 
Multi-stimuli responsive (co)polymers can be prepared either using a dually responsive 
monomer to make, for example, a pH- and thermo-responsive homopolymer or by 
copolymerizing one stimuli-responsive monomer with another one. As an example of the 
first system, PDMAEMA is a double stimuli-responsive polymer, with LCST values 
between 32-52 oC, depending on the solution pH. An example of the second system would 
be a diblock copolymer, where the blocks are amphiphilic and show responsiveness to 
different stimuli. This type of double-stimuli responsive polymers include copolymers of 
different monomers, each responsive to a certain stimulus. 
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Amphiphilic diblock copolymers. Amphiphilic block copolymers contain both 
hydrophobic and hydrophilic segments and can be made by joining two blocks of 
individual polymers. Hence, they have affinity for two different types of environments and 
can self-assemble in solution to form aggregates of varying shapes and sizes. Moreover, 
stimuli-responsive amphiphilic copolymers have been extensively studied and they are 
briefly explained in the next paragraphs. 
Thermoresponsive amphiphilic copolymers can be made in two ways:  
(1) Block copolymerization of a hydrophobic polymer with a thermoresponsive 
monomer. An example of  such system is PNIPAM-b-PS.35 This polymer is amphiphilic 
below the LCST of PNIPAM, while above the LCST both blocks are hydrophobic and 
insoluble in water. 
(2) Block copolymerization of properly selected monomers to give blocks bearing 
different LCSTs in a double thermosensitive diblock copolymer. Typical behavior of this 
type of copolymer is shown in Figure 1.7 supposing that LCST1 < LCST2.  
 
 
Figure 1.7 Schematic behavior of a double thermosensitive diblock copolymer by 
increasing temperature. 
 
At temperatures below the LCSTs of both blocks, the diblock copolymer is completely 
water-soluble. Increasing the solution temperature above the first LCST makes one block 
insoluble while another block is still soluble in water. This makes the system amphiphilic. 
 11
Further increase in temperature above the second LCST results in completely insoluble 
material. This behavior has been reported by several research groups.36, 37, 38 
Several reports have described the synthesis of dually responsive block copolymers 
using responsiveness to pH and temperature.39, 40, 41, 42 PAA-b-PNIPAM is an example of a 
diblock copolymer composed of a pH- and thermoresponsive homopolymers.43  
P2VP-b-PDMAEMA is sensitive to temperature, ionic strength, and pH. Micelles 
consist of hydrophobic P2VP core surrounded by protonated PDMAEMA corona at pH 6, 
and their size decreases when the ionic strength of the solution is increased by the addition 
of NaCl. At higher pH, hydrophobic P2VP remains in the core of the micelles surrounded 
by uncharged PDMAEMA corona. These micelles are not sensitive to ionic strength, but 
they precipitate by increasing the temperature above the LCST of PDMAEMA (ca. 40 
°C).44  
By introducing redox-sensitive bonds into the structure of pH- and thermo-responsive 
polymer, Klaikherd et al.45 synthesized a triple stimuli-sensitive block copolymer 
consisting of acid-sensitive tetrahydropyran (THP)-protected 2-hydroxyethyl methacrylate 
(HEMA) and temperature-sensitive PNIPAM with an intervening disulfide bond as the 
redox-sensitive site (Figure 1.8). 
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Figure 1.8 Schematic representation of amphiphilic block copolymer which can 
respond to three stimuli: pH, temperature, and redox agent. Reprinted from Ref. 45, © 
2009 American Chemical Society. 
1.2 Polymer synthesis methods  
Synthetic polymers are classified according to the preparation method. If the reaction 
mechanism involves free-radicals or ion groups, and the monomers are added to the chain 
one at a time only, the polymer is a chain-growth polymer. On the other hand, if the 
reaction mechanism proceeds through functional groups of the monomers with the 
possibility of combination of monomer chains with one another directly, the polymer is 
called a step-growth polymer. Chain-growth polymers are usually made of 
unsaturated monomers having a double bond between carbon atoms, while step-growth 
polymers are produced from monomers bearing two or more functional groups, which can 
react together to form covalent links between repeating units such as ester or amide links.  
Since only chain-growth polymers are synthesized in this work, the focus here will be 
on different types of chain polymerization. 
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1.2.1 Free radical, coordination and ionic polymerization 
There are three significant stages taking place in chain polymerization: initiation 
(birth), propagation (growth), and termination (death). 
Free radical polymerization is the most common type of chain-growth polymerization 
reaction.46 The polymerization in this method is initiated by a free radical, which is a 
species containing an unpaired electron. The polymer chain is made by the addition of this 
free radical to an unsaturated monomer to catch one electron. Then, another free radical 
will be produced and its reaction continues to grow the polymer chain. We can consider the 
double bond as a potential site for opening to two single bonds.  
Coordination polymerization is another type of chain polymerization, in which 
initiation takes place on a catalytic surface, and the monomer adds to a growing 
macromolecule through an organometallic active center. Although this polymerization 
technique was first developed in the 1950s, the reaction mechanism is still poorly 
understood, especially in heterogeneous Ziegler-Natta catalysts based on titanium 
tetrachloride and aluminum alkyl co-catalyst.47 This method produces linear and high molar 
mass polymers, including commercially important high-density polyethylene (HDPE), 
linear low-density polyethylene (LLDPE). Polymers with specific tacticity can be obtained 
by this method, such as isotactic polypropylene (i-PP). 
The two above-mentioned methods produce a dead polymer chain, which is not 
capable of chain growth by the addition of another monomer (living polymerization). 
Ionic polymerization is initiated by an ionic species, which can be either anion or 
cation, and the polymerization is called anionic or cationic according to the initiation 
method. Anionic polymerization was first done by Szwarc48 in 1956 as the first example of 
living polymerization.  In ionic polymerization, the charge is transferred from ionic initiator 
to a monomer to make it reactive. This reactive monomer will react similarly with other 
monomers to form a polymer. Ionic polymerizations produce well-defined polymers with 
precise and predetermined molar masses capable of chain extension after the 
polymerization is complete. However, it suffers from two main disadvantages:49 (i) only a 
narrow range of monomers, excluding functionalized monomers, could be polymerized 
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with this method, and (ii) special precautions are required, such as high purity of 
chemicals and stringent measures to avoid air and moisture. 
1.2.2 Controlled radical polymerization 
Due to the difficulties and limitations of living polymerization methods, the 
investigation of structure-dependent properties of polymers was limited until the last two 
decades. Especially stimuli-responsive polymers, whose properties are quite structure-
dependent, made very slow progress.50 Feasible methods to make well-defined polymers 
began to emerge during the 1980s and progressed very rapidly in the 1990s.51 Figure 1.9 
demonstrates the advances in the research of stimuli-responsive polymers by the 
exponential increase in the number of publications after the emergence of controlled radical 
polymerization techniques.  
 
 
Figure 1.9 Publications per year on stimuli-responsive polymers based on a SciFinder 
search using the keyword of “stimuli-responsive polymers” (July 2013). 
Some of the most recent polymerization methods are controlled radical polymerization, 
and they benefit from the advantages of both free radical polymerization and conventional 
ionic polymerization, i.e., they are easy to conduct for a wide range of vinylic monomers 
and can produce well-defined (block co)polymers. 
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Controlled radical polymerizations can be classified according to the nature of the X 
species in Figure 1.10. Three main classes of controlled radical polymerizations are 
nitroxide-mediated polymerization (NMP), atom transfer radical polymerization (ATRP), 
and reversible-fragmentation chain transfer (RAFT).  
The general mechanism of controlled radical polymerization is shown in Figure 1.10. 
The rate constant for deactivation (kdeact) needs to be much higher than the activation rate 
constant (kact) to keep termination reactions at a minimum. It means that the growing Pn 
chain is rapidly trapped in the deactivated state by species X, which is typically a stable 
radical (as in NMP), an organometallic species (as in ATRP), or a thiocarbonate (as in 
RAFT). The dormant species are activated again to reproduce the growing sites. 
 
 
Figure 1.10 General mechanism of controlled radical polymerization. 
Fast initiation and negligible termination reactions result in the continuous growth of 
polymer chains during the propagation. In this mechanism, the growing radicals mainly 
react with X, which is present at thousands of times higher concentration, rather than with 
themselves. This kind of polymerization is also called “living” radical polymerization, but 
it is not truly living, because coupling of the radicals, which leads to the termination of the 
polymerization, cannot be completely avoided.  
The first two methods will be briefly introduced, and RAFT polymerization used in our 
work will be explained more in the next section.  
Nitroxide-mediated polymerization (NMP) is also called stable free radical 
polymerization (SFRP),52 and it is historically the first method applied to make various 
well-defined polymers, such as polyacrylates, using nitroxides and alkoxyamines as a 
radical trapping agent.53 This method can polymerize vinyl monomers into moderately 
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uniform polymers with relatively low molecular weights. This method was first proofed 
experimentally in the work of Georges et al. in 1993.49, 54  
Traditional NMP is initiated by a thermal initiator, such as 2,2-azobisisobutyronitrile 
(AIBN) or benzoyl peroxide (BPO), in combination with a relatively stable radical 
nitroxide, such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), as a control agent.54 NMP 
is based on reversible deactivation of the growing chain end by a nitroxide. Homolytic 
cleavage produces again the propagating radical and the nitroxide species (as the X in 
Figure 1.10). 
The main parameter controlling the NMP is the molar ratio of the initial concentration 
of the nitroxide and the initial concentration of the initiator, [nitroxide]0/[initiator]0.55 
Actually, the only factor that affects the polymerization kinetics is the excess TEMPO 
remaining in the solution after the initiation.56 To control this ratio, an alkoxyamine 
initiator was developed to provide a unimolecular initiation system. It decomposes to 
produce equal amounts of initiating radical and nitroxide. If either the initiating chain end 
or the nitroxide mediated chain end is properly functionalized, telechelic polymers can be 
obtained by the reaction of the terminal functional group (Figure 1.11).57 By definition, 
telechelic polymers are macromolecules with functional groups at both ends, which can be 
used for further polymerization or other reactions. 
 
 
Figure 1.11 General strategies for the synthesis of telechelic polymers by NMP. 
Reprinted from Ref. 57, © 2011 with permission from Elsevier. 
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Atom transfer radical polymerization (ATRP) is also called transition metal-
catalyzed living radical polymerization.51 This method was discovered by two research 
groups, Matyjaszewski and Sawamoto, at the same time in 1995.58, 59 However, this method 
was not well developed until 2001.51 The method utilizes a redox process of a transition 
metal complexes, most commonly those of Cu(I). The initiating system includes a 
halogenated compound as an initiator and a transition metal complex as a catalyst.60 Percec 
et al.61 used a non-transition metal salt, Na2S2O4, to catalyze the polymerization of vinyl 
chloride initiated with iodoform. 
Also ATRP is controlled by the equilibrium between active (Pn*) and dormant chain 
(PnX) (Figure 1.10). The reaction proceeds with first-order kinetics60 involving reversible 
homolytic cleavage of a carbon–halogen bond in the redox reaction between the metal 
complex (MtnLY) and alkyl halide (R–X) as the dormant species,62 illustrated in Figure 
1.12.  
 
 
Figure 1.12 Schematic mechanism of ATRP. 
As stated before, kdeact in this mechanism is much higher than kact, and therefore, most 
of the chains are present in the dormant state (Pn–X).  
There are several routes to make telechelic polymers by ATRP.57 The most convenient 
method is to use a functionalized initiator (RX in Figure 1.12) with63 or without64 
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protection. Another route involves the reaction of the terminal halide group by 
nucleophilic substitution to reach the desired functionality.65 
1.2.3 Reversible addition-fragmentation chain transfer (RAFT) 
polymerization 
RAFT polymerization, first discovered in 1998,66 is one of the most recent and most 
efficient methods among the controlled radical polymerization techniques, because it 
tolerates various functionalities, such as amides, amines, acidic groups, as well as vinyl 
acetate and its derivatives. A large variety of monomers and solvents, even water, can be 
used in RAFT polymerization.67 It can also be used in heterogeneous media, using 
techniques such as emulsion polymerization,68 surfactant-free emulsion polymerization 
with macro-RAFT agents as stabilizers,69 suspension polymerization,70 and non-aqueous 
dispersion polymerization in organic solvents.71 
Mechanism of RAFT polymerization. There are numerous reviews on the mechanism 
and kinetics of RAFT.72, 73, 74 The RAFT mechanism proposed in Figure 1.13 is based on 
the addition–fragmentation equilibrium.74 
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Figure 1.13 Mechanism of RAFT polymerization 
As shown in Figure 1.13, the initiation process and radical termination mechanism are 
similar to conventional radical polymerization. In the early steps, propagating 
macroradicals (Pn•) add to the carbon-sulfur double bond of a RAFT reagent [RSC(Z)=S] 
with an addition rate constant ka. The intermediate radical yields again the reactants (k-a) or 
it fragments into another initiating (macro)radical (R•) and polymeric thiocarbonylthio 
compound [PnS(Z)C=S] with a fragmentation  rate constant kf. The reaction of this radical 
(R•) with monomer (M) leads to a new propagating radical (Pm•), which participates again 
in the addition and fragmentation processes with the RAFT agent and establishes an 
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equilibrium with the previous propagating chain (Pn•). This way, the equilibrium 
between dormant [PnSC(Z)–SPm]• and active species (Pn• and Pm•) is established. The 
product of these reactions is a polymer chain with thiocarbonylthio end group, which can 
be isolated and used to continue the reaction, if needed. 
Choice of RAFT agents. A variety of thiocarbonylthio RAFT agents (ZC(=S)SR) has 
been reported.75, 76, 77 Both R and Z groups of a RAFT agent should be carefully selected to 
provide appropriate control over the polymerization.  
Generally, the RAFT agent should have a reactive C=S bond for the fast addition and a 
loose S–R bond to accelerate the fragmentation. Reinitiation should also be faster than 
propagation to ensure the simultaneous growth of the chains. Therefore, the free radical 
leaving group R• should be more stable than Pn•, it should be a good leaving group, and it 
should also mimic the propagating radical. Z influences the stability of the thiocarbonylthio 
radical intermediate and should be chosen according to the reactivity of the monomer. 
Hence, a certain RAFT reagent is effective for a particular polymerization.72, 73, 74 Figure 
1.14 shows the guidelines for selecting a suitable RAFT agent to polymerize certain 
monomers. 
 
Figure 1.14 Guidelines for selecting a suitable RAFT agent to polymerize certain 
monomers. For Z, the addition rates decrease and fragmentation rates increase from 
left to right. For R, the fragmentation rates decrease from left to right. Dashed lines 
indicate partial control of the polymerization. Reprinted from Ref. 72 with permission 
of CSIRO publishing. 
 21
Initiators. Organic initiators, typically azo compounds with the decomposition 
temperature (Tdecom) of 25-80 oC or peroxides (Tdecom > 90 oC), are extensively used for 
RAFT polymerization. In general, the molar ratio [RAFT agent]:[initiator] should be >10:1 
to have control over the molecular weight.72 It should be noted that dead chains are 
produced from the generated radicals at the initiation stage. However, the majority of the 
chains will be initiated by R and terminated by the thiocarbonylthio group and hence, they 
are able to initiate RAFT polymerization with another monomer to produce block 
copolymers.  
Telechelic polymers made by RAFT polymerization. The polymer chains prepared by 
RAFT polymerization have R and Z groups of the RAFT agent at their two ends.  
To obtain functionalized polymer chains by RAFT polymerization, the functionality 
can be incorporated in the RAFT agent as R and/or Z, i. e., by using a functional RAFT 
agent. Various functional RAFT agents have been synthesized so far with a wide range of 
functional end groups, such as OH,78 COOH,79 CHO,80 pyridyl,81 N3,82 alkyne,83 peptide84 
groups, etc.  
Another possible route includes the transformation of the chain end CTA into a desired 
functional end group. Many researchers are interested in the processes for CTA end group 
removal or post-modification of the polymer chains. The main reactions for the end group 
modification include hydrolysis,85 radical-induced reductions,86 aminolysis87 and metal-
assisted reduction,88 which are summarized in Figure 1.15 for dithiocarbonate-terminated 
polymers.  
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Figure 1.15 End group transformation reactions for dithiocarbonate-terminated RAFT 
polymers. Reprinted from Ref. 57, © 2011 with permission from Elsevier. 
1.3 Poly(N-alkylacrylamide)s 
Acrylamide is highly water-soluble vinyl monomer prepared by microbial hydrolysis 
of acrylonitrile using nitrile hydratase as a catalyst.89 However, N-alkyl-substituted 
(meth)acrylamides, with the general structure shown in Figure 1.16, are made by reacting 
(meth)acryloyl chloride with the corresponding alkylamines.90  
 
 
Figure 1.16 General structure of poly((meth)acrylamide)s 
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1.3.1 Thermoresponsive poly(N-alkylacrylamide)s 
As mentioned previously, there are a huge number of thermo-responsive polymers. 
Among them, poly(N-alkylacrylamide)s are the most studied type, because they can 
provide a wide range of LCST values, and they are stable at both acidic and basic 
environments. The first and most widely studied neutral monomer for water-soluble 
thermoresponsive polymer is N-isopropylacrylamide (NIPAM).9, 10, 11 The resulting 
polymer, PNIPAM shows the LCST of ∼32 oC in water, near the physiological temperature 
(37 oC). On the basis of literature, PNIPAM itself has been studied as much as all other 
types of thermosensitive polymers together, and it is often used as a model polymer for 
phase transition studies.91, 92  
Since the advent of PNIPAM in 1968,10 many synthetic advances have appeared in 
making thermosensitive poly(N-alkylacrylamide)s. In contrast to numerous reports on 
PNIPAM, little work has been done on other thermo-responsive poly(N-alkylacrylamide)s. 
Some of the synthesized poly(N-alkylacrylamide) homopolymers with their LCSTs are 
listed in Table 1.1. They have different substituents on the nitrogen that affects their 
solution behavior. Smaller substituents such as H and methyl group (Me) in soluble PAA 
and poly(N,N-dimethylacrylamide) (PDMA) do not induce LCST in aqueous solutions 
below 100 °C, while the more sterically hindered groups, such as butyl in all its isomeric 
forms, make the polymer insoluble in water because of their hydrophobicity. Other 
polymers are between these two extremes: by increasing the hydrophobicity of the 
substituents, the hydrophilicity of the polymer decreases and the LCST decreases 
accordingly, down to the LCST of PnPA at ~23 oC.  
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Table 1.1 LCST of aqueous solutions of selected poly(N-alkylacrylamide)s 
Full name R1 R2 LCST (oC) Method, ref 
Poly(acrylamide) H H soluble 19 
Poly(N, N-dimethylacrylamide) CH3 CH3 soluble 19 
Poly(N-ethylacrylamide) H CH3CH2 73 DSC93 
   74 Turbidimetry94
   82 DSC19 
Poly(N, N-ethylmethylacrylamide) CH3 CH3CH2 70 UV23 
Poly(N-cyclopropylacrylamide) H 57 Turbidimetry94
Poly(N-acryloylpyrrolidine) 51 Turbidimetry95
Poly(N-isopropylacrylamide) H CH(CH3)2 32 Turbidimetry92
   36 UV23 
Poly(N, N-diethylacrylamide) CH3CH2 CH3CH2 29 UV96 
   32 UV,23 DSC19 
   Syndiotactic is insoluble 
97 
Poly(N-n-propylacrylamide) H CH3CH2CH2 22.5 SLS98 
   25 UV23 
Poly(N-acryloylpiperidine) 4 UV99 
Poly(N-tert-butylacrylamide) H CH3C(CH3)2 insoluble 19 
 
The values reported in Table 1.1 for a single polymer might vary in literature, because 
the LCST depends on factors such as determination method, molecular weight, and tacticity 
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of the polymer. Although poly(acrylamide)s are studied in this work, a list of their 
thermo-responsive analogous, poly(methacrylamide)s, is also shown in Table 1.2. 
Table 1.2 LCST of aqueous solutions of selected poly(N-alkylmethacrylamide)s 
Full name R1 R2 LCST (oC) Method, ref 
Poly(methacrylamide) H H soluble 94 
Poly(N-ethylmethacrylamide) H CH3CH2 67 Turbidimetry94
Poly(N-isopropylmethacrylamide) H CH(CH3)2 44 Turbidimetry92
Poly(N-cyclopropylmethacrylamide) H 59 UV100 
Poly(N-(L)-(1-
hydroxymethyl)propylmethacrylamide) H 30 Turbidimetry
101
Poly(N-n-propylmethacrylamide) H CH3CH2CH2 28 UV100 
1.3.2 Synthesis 
Before the discovery of controlled radical polymerization techniques, most of the 
synthetic poly(N-alkylacrylamide)s were prepared by free radical polymerization, because 
the slightly acidic amide proton of monosubstituted (N-alkylacrylamide)s inhibits anionic 
polymerization. As an exception, the polymerization of monomers by living anionic 
polymerization has been possible for disubstituted (N-alkylacrylamide)s102 and for 
monosubstituted monomers with protected active hydrogen.103 Isotactic PNIPAM obtained 
by this method showed much lower solubility in water than atactic PNIPAM synthesized by 
free radical polymerization.50  
The discovery of living radical polymerization of (N-alkylacrylamide)s104 had a 
revolutionary effect on the study of such systems. Since then, poly(N-alkylacrylamide)s 
have been synthesized by ATRP,105 NMP,106 and RAFT.107 In addition to molecular weight 
and PDI, tacticity of the polymers can also be controlled by these methods.108 Figure 1.17 
shows the structure of a diblock copolymer made by RAFT polymerization from PNIPAM 
in which the difference between two blocks is in their tacticity of the PNIPAM.108 
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Figure 1.17 PNIPAM with desired tacticity made by RAFT polymerization. Reprinted  
from Ref. 108, © 2004 American Chemical Society. 
The work done in our lab23 is one of the most extensive studies on the RAFT 
polymerization of N-alkyl-substituted acrylamides. This study covers a wide range of 
mono- and disubstituted poly(N-alkylacrylamide)s from soluble poly(N,N-
dimethylacrylamide) to insoluble poly(N-n-butylacrylamide) with the molar masses of ca. 
10 kDa. Polymerizations were conducted at 70, 80, and 90 oC using 2-
dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid (DMP), dimethyl sulfoxide 
(DMSO), and AIBN as the RAFT agent, solvent and initiator, respectively. Well-defined 
polymers with narrow PDIs were obtained in reaction times of up to 180 min. However, 
longer reaction time (higher conversion) at elevated temperatures caused an increase in the 
PDI. Our study revealed that although the disubstituted (N-alkylacrylamide) monomers 
were better controlled than the monosubstituted counterparts under the same 
polymerization conditions, monosubstituted monomers resulted in successful chain 
extension to yield block copolymers. The reason for the better control of disubstituted 
monomers is the stronger electron-donating effect leading to higher reactivity and more 
stable intermediate radicals. On the other hand, their relative high chain transfer constants 
caused the better blocking ability of monosubstituted poly(N-alkylacrylamide) macro-
CTAs. 
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1.3.3 Polymer architecture 
Random copolymers. Although poly(N-alkylacrylamide)s produce a wide range of 
LCSTs (Table 1.1), there is a need for more tunable LCSTs for particular applications. 
Making random copolymers is a convenient way to have control over the LCST. For 
example, N,N-dimethylacrylamide (DMA) and N-tert-butylacrylamide (tBA) can be 
copolymerized to produce thermoresponsive copolymers with desired LCST19 (Figure 1.18) 
even though their corresponding homopolymers, PDMA and PtBA, would be soluble and 
insoluble, respectively.  
 
Figure 1.18 LCSTs of the random copolymers of DMA and tBA in water plotted as a 
function of the molar fraction of DMA. Reprinted from Ref. 19, © 1999 with 
permission from Elsevier.  
Block copolymers. As mentioned above, living radical polymerization methods 
provide a facile way to synthesize block copolymers with controlled molecular weight and 
narrow PDI. Block copolymers consisting of poly(N-alkylacrylamide) attached to a more 
hydrophilic block such as acrylamide109 or hydrophobic block such as PS110 can produce 
amphiphilic polymers which form micelles in block-selective solvents.  
Block copolymers of N-alkyl-substituted acrylamides are also possible. As indicated 
earlier, an extensive library of block copolymers of various poly(N-alkylacrylamide)s with 
different hydrophilicities in blocks has been made in our lab using RAFT polymerization. 
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Diblock copolymers are expected to show a two-step thermally induced self-assembly, as 
shown in Figure 1.7. A three-step temperature transition can be observed (Figure 1.4) for an 
ABC triblock copolymer with the composition P(nPA124-b-NIPAM80-b-EMA44).22  A 
tetrablock copolymer PnPA129-b-PNIPAM52-b-PEMA63-b-PDMA184 was also prepared 
with low PDI (<1.25) and studied for its solution behavior.23 
Other structures of polymers. Various architectures from poly(N-alkylacrylamide)s 
have been investigated so far. Kotsuchibashi et al.111 made block copolymers consisting of 
random segments. Highly branched dendrimers with hollow cores and dense shells with 
NIPAM segments were made by You et al.112 Lambeth et al.113 prepared star block 
copolymers with the PNIPAM as the thermo-responsive interior block and PDMA as the 
water-soluble exterior block. Highly branched PNIPAM was made by Carter et al.114 for 
use in protein purification. Tsuji et al115 grafted PNIPAM and its  copolymers with PAA on 
a St-VBC core to make “hairy particles” using living radical graft polymerization. 
Successful grafting was observed using scanning electron microscopy (SEM). 
1.4 Applications 
Developments in controlled polymerization techniques allow for the synthesis of 
polymers with well-defined architectures, reproducible molecular weights, low 
polydispersities, and end-group fidelity. These properties applied to stimuli-responsive 
polymers have opened the door to a wide range of promising applications in various fields. 
The majority of possible applications for these materials are in biomedicine, which are 
briefly explained in the following paragraphs, and the reader is referred to the numerous 
reviews in this field. Stuart et al.116 reviewed different architectures derived from stimuli-
responsive polymers in two-dimensional (films) and three-dimensional (assemblies) 
systems and how these systems can be used in selected applications. As shown in Figure 
1.19, two-dimensional films may include polymer brushes, multilayered films made of 
different polymers (LBL), hybrid systems that combine polymers and particles, thin films 
of polymer networks, and membranes that are thin films with channels/pores. On the other 
hand, micelles, nanogels, capsules and vesicles, core–shell particles, hybrid particle-in-
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particle structures, and their assemblies in solutions and at interfaces in emulsions and 
foams are examples of three-dimensional assemblies. 
 
Figure 1.19 Various structures obtained from stimuli-responsive polymer materials in 
the form of films and assemblies. Reprinted by permission from Macmillan Publishers 
Ltd: Ref 116, © 2010.  
1.4.1 Biomedical applications 
Stimuli-responsive polymer both in the form of solution assemblies and surface-grafted 
polymers (Figure 1.20) have been investigated for various biomedical applications 
including drug delivery, medical diagnostics and imaging, tissue engineering, biosensors, 
and bioseparations.117 These “smart” materials can be designed to respond to biological 
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stimuli (e.g. pH, reduction–oxidation, enzymes, glucose) and/or externally applied 
triggers (e.g. temperature, light, solvent quality).  
 
Figure 1.20 Stimuli-responsive (co)polymers. (A) Solution assemblies, micelles and 
vesicles. Hydrophobic and hydrophilic parts are represented by red and blue, 
respectively. Hydrophobic and hydrophilic encapsulated agents are shown in green 
and yellow, respectively. (B) surface-grafted (co)polymers. Functional groups (red 
triangles) are exposed in the extended form and hidden in the collapsed form of the 
polymer. 
Figure 1.20A shows a typical example of solution self-assemblies encapsulating 
therapeutics, such as small molecules or proteins, for protection during the injection or 
circulation in the body. Using such carriers helps to improve circulation times and increase 
the amount of active drug released to the targeted site. Figure 1.20B represents a typical 
brush polymer grafted on the surface that can swell or shrink by applying a stimulus. For 
example, Ebara et al.118 described thermoresponsive brushes made from poly(NIPAM-co-
CIPAM), where CIPAM is 2-carboxyisopropylacrylamide and functionalized with the 
arginine-glycine-aspartic acid (RGD) sites to promote cell attachment. Above the LCST of 
PNIPAM, human umbilical vein endothelial cells were immobilized on the surface owing 
to the collapse of PNIPAM and accessibility of RGD integrin. Below the LCST of 
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PNIPAM hydrated brush chains shielded the RGD sites from the cells and the cell–
surface interactions were disrupted resulting in facile cell release. 
A variety of pH can be found in different types of tissues in the body. The meaningful 
difference between the pH of tumor tissues (pH~6.5-7.2),119 normal tissues (pH~7.4), and 
the digestive tract (pH 1–8.2) allows for altering the polymer structure for in vivo 
applications. However, precise temperature control in vivo is difficult, and 
thermoresponsive polymers have attracted research interest mainly for applications in 
vitro.117 
1.5 Scope and the structure of the present work 
Amphiphilic block copolymers have attracted much research interest in many fields of 
science and technology. However, all the reported stimuli-responsive diblock copolymers 
were composed of blocks consisting of a single monomer when the present research began. 
Therefore, they benefit from a change in their solution properties under fixed pH or 
temperature value. Hence, tuning such responsiveness may not be easy given the limited 
choice of the monomers, even though multiblock copolymers may exhibit multiple 
responses to external stimuli.  
The main objective of this work was to develop diblock random copolymers with the 
ability of showing both tunable and stepwise stimuli-responsive behavior in water as a new 
type of polymer structure. To reach this goal, two major modification methods were applied 
together on the same polymer in view of obtaining a tunable stimuli–responsive polymeric 
material. The first modification method is making block copolymers to develop multi-
responsive copolymers, and the second one is to introduce random copolymers which are 
capable of tuning the cloud point by adjusting the comonomer ratio. Hence, diblock 
copolymers were developed for the first time which can respond in a controlled manner to 
the pre-determined solution pH and/or external temperature. It was achieved by using 
random copolymers as the blocks that allow the tuning of the cloud point by adjusting the 
monomer composition in the blocks. Stepwise responsiveness was also observed due to the 
block nature of the copolymer.  
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The studied stimuli in this work were pH and temperature, the most common ones in 
nature. The thermo- and pH-responsive diblock random copolymer was so designed that 
show so-called “schizophrenic” behavior. These systems form micelles capable of inverting 
their shell and core in aqueous solutions without adding any organic solvent, in response to 
an external stimulus that alters the relative hydrophilicity of the blocks. The temperature-
dependent inversion of core and shell blocks in the micellar aggregates of such dually 
behaving block copolymers has been reported in aqueous solutions based on lower and 
upper critical solution temperatures (LCST and UCST) of the blocks, but sometimes 
observing a clear UCST is difficult as the transition may be broad. To the best of our 
knowledge, there has been no report on such invertible systems with dual thermo-
responsiveness exploiting the LCST-like behavior of both blocks. Hence, for the first time 
an invertible system was made in quite a controlled manner, where both tunable blocks in a 
diblock copolymer show separate cloud points  in water. 
The synthetic approach developed in our group for making RAFT (co)polymerization, 
one of the most effective controlled radical polymerization methods, was employed to 
synthesize the copolymers from acrylamide-based (nPA and EA) and methacrylate-based 
(DEAEMA) comonomers. Several analytical techniques were optimized in this study to 
understand the solution behavior of diblock random copolymers. 
This thesis consists of five chapters including this introduction and a conclusion. All 
the work presented and the reports were made by the author of this thesis with the help of 
his supervisor, Prof. Julian Zhu. Transmission electron microscopy (TEM) experiments 
were done by Dr. Satu Strandman. She also helped with the correction of the manuscripts 
as well as valuable discussions during the work. 
Chapter 2 introduces a novel diblock copolymer made of two random copolymers, 
each being thermoresponsive. The block nature of the polymer allows for a double step 
phase transition corresponding to both blocks. In addition, each transition takes place at the 
desired temperature tuned by the random nature of the corresponding block. This chapter 
has been published as a paper (Savoji, M. T.; Strandman, S.; Zhu, X. X., Block random 
copolymers of N-alkyl-substituted acrylamides with double thermosensitivity. 
Macromolecules 2012, 45 (4), 2001-2006). 
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Chapter 3 describes how diblock random copolymers can be made responsive to 
multiple stimuli, i.e. pH and temperature. This was achieved by introducing a weakly basic 
monomer, DEAEMA, to one of the blocks to render it pH-responsive. By doing so, in 
addition to double responsiveness at desired pH and temperature, invertible structures were 
obtained by a change in the external stimuli. This chapter has been published as a paper in 
Langmuir on 2013 (Savoji, M. T.; Strandman, S.; Zhu, X. X., Switchable vesicles Formed 
by diblock random copolymers with tunable pH- and thermo-responsiveness. Langmuir 
2013, 29 (23), 6823-6832). 
Given the complexity of the invertible structures obtained in Chapter 2, a more detailed 
study was conducted in Chapter 4 to better understand the effect of the structure of the 
diblock random copolymer on the solution behavior of such systems. Switchable micelles 
and vesicles were observed and characterized in this chapter. This chapter has been 
submitted for publication in Soft Matter. (Savoji, M. T.; Strandman, S.; Zhu, X. X., 
Invertible vesicles and micelles formed by dually-responsive diblock random copolymers in 
aqueous solutions) 
Finally, in Chapter 5, a conclusion giving an overal summary of the previous chapters 
and suggestions for future work are presented. 
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Chapter 2 
Block random copolymers of N-alkyl-substituted 
acrylamides with double thermosensitivity*  
 
 
 
Abstract 
Block copolymers consisting of two segments of random copolymers of N-
alkylacrylamides have been synthesized by a sequential reversible addition−fragmentation 
chain transfer (RAFT) polymerization. The copolymers in the form of AnBm-b-ApBq have 
been made of two blocks of N-n-propylacrylamide  (nPA) and N-ethylacrylamide (EA) of 
different compositions to obtain polymers with stepwise thermosensitivity. The control of 
the RAFT polymerization was confirmed by studying the kinetics of the copolymerization 
process. The block random copolymer, poly(nPAx-co-EA1−x)-block-poly(nPAy-co-EA1−y), 
is well-defined and has a low polydispersity. The cloud points of the random copolymers 
can be tuned by varying the chemical composition of the copolymers. The diblock 
copolymer exhibited a two-step phase transition upon heating to 41.5 and 53.0 °C, 
corresponding to the cloud points of the individual blocks. Dynamic light scattering 
experiments also showed the stepwise aggregation properties of the copolymer in aqueous 
solutions.  
2.1 Introduction 
Thermoresponsive polymers have been widely investigated for their potential in 
biomedical applications.1−4 Many polymers based on N-alkyl-substituted acrylamides, the 
most well-known of which being poly(N-isopropylacrylamide), exhibit a lower critical 
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solution temperature (LCST) in water.5 The thermoresponsiveness of these polymers 
depends on the relative hydrophobicity or hydrophilicity of the N-alkylacrylamide 
monomers.5,6 It also depends on the molar mass, concentration, and additives in the 
polymer solution. Increased hydrophobicity of the substitution groups leads to a lower 
phase transition temperature of the polymers obtained.7−10 The cloud points (CPs) of the 
polymers can be tuned by varying the chemical composition of the random copolymers 
based on N-alkylsubstituted (meth)acrylamides.11−13 Diblock copolymers with dual 
thermoresponsive behavior have been synthesized by the incorporation of blocks with 
different cloud points.4,14−19 We have made various di- and triblock copolymers of N-
alkylacrylamides  and showed that they exhibited multiple CPs in aqueous solutions,20,21 
corresponding to different stages of their aggregation.22,23 The phase transitions are usually 
accompanied by changes in the micellar size or shape and solution properties. However, the 
choice of the substitution groups on such monomers limits the range of the phase transition 
temperatures. To tailor the properties of the materials, it would be ideal to have blocks 
available with a thermosensitivity at any desired temperature. This may be achieved by 
varying the chemical composition of a random copolymer.12 Therefore, our approach is to 
make a block copolymer of two random copolymer sequeneces with different 
thermosensitivities. We chose to use the reversible addition fragmentation chain transfer 
(RAFT) polymerization method24,25 to grow two block of random copolymers of N-n-
propylacrylamide  (nPA) and N-ethylacrylamide (EA) with compositions adjusted for the 
desired transition temperatures. We report here the design, synthesis, and characterization 
of a diblock thermoresponsive copolymer with two distinct transition temperatures 
corresponding to the two random copolymers synthesized by sequential RAFT 
copolymerization. 
2.2 Experimental section  
2.2.1 Materials  
2,2′-Azobis(isobutyronitrile) (AIBN) from Eastman Kodak was recrystallized from 
methanol and stored in dark bottles in a refrigerator. Acryloyl chloride, ethylamine, and n-
propylamine were purchased from Aldrich and were used without further purification. N-n-
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Propylacrylamide (nPA) and N-ethylacrylamide (EA) were prepared by reacting acryloyl 
chloride with the corresponding alkylamines following a reported procedure.26 2-
Dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP) was used as a highly 
efficient chain transfer reagent (CTA) and prepared according to the procedure reported by 
Lai et al.27 Water was purified using a Millipore Milli-Q system. Anhydrous and oxygen-
free dioxane was obtained by passage through columns packed with activated alumina and 
supported copper catalyst (Glass Contour, Irvine, CA).  
2.2.2 Polymer synthesis 
The monomers nPA and EA were added at a predetermined ratio along with 
trithiocarbonate DMP as the CTA and AIBN as the initiator in a 100 mL Schlenk tube 
equipped with a magnetic stirrer bar. A fixed volume of anhydrous dioxane was then 
transferred to the Schlenk tube. The ratio of [monomers]:[DMP]:[AIBN] was fixed at 
200:1:0.1, and the total monomer concentration was 0.3 g/mL. The mixture was degassed 
by three freeze−pump−thaw cycles prior to immersing it in a preheated oil bath. The 
reaction temperature was set to 70 °C, and the reaction was conducted for 90 min before 
terminating it by exposing the reaction mixture to air and immersing it in an ice bath. The 
product was then precipitated in diethyl ether, filtered, and dried in vacuum oven at 60 °C 
to yield poly(nPAx-co-EA1−x)-CTA as a yellowish powder. The resulting random 
copolymer was then used as the DMP-ended macro-CTA in the second step to make a 
diblock copolymer using the reactant ratio [monomer]:[macro-CTA]:[AIBN] of 400:1:0.1. 
The procedure for diblock copolymerization was the same as for random copolymerization, 
except that DMP has been replaced by macro-CTA (Scheme 2.1). In the kinetic studies, 
aliquots of the reaction mixture were withdrawn during the course of the copolymerization 
and analyzed by size exclusion chromatography (SEC) and nuclear magnetic resonance 
(NMR) spectroscopy.  
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Scheme 2.1 RAFT copolymerization of nPA and EA for the preparation of poly(nPAx-
co-EA1−x) and further chain extension leading to a diblock random copolymer 
poly(nPAx-co-EA1−x)-block-poly(nPAy-co-EA1−y) 
2.2.3 Polymer characterization 
Molar masses and polydispersity indices (PDI) of the polymers were obtained by SEC 
on a Waters 1525 system equipped with three Waters Styragel columns and a refractive 
index detector (Waters 2410) at 35 °C. N,N-Dimethylformamide (DMF) was employed as 
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the mobile phase at a flow rate of 1 mL/min, and the system was calibrated by 
poly(methyl methacrylate) standards. In kinetic studies, the volatile species were removed 
in a vacuum oven at 60 °C from the samples taken at different time intervals during the 
course of the reaction. 
The NMR spectra of the monomers and polymers in deuterated chloroform (CDCl3) 
were determined on a Bruker AV-400 spectrometer operating at 400 MHz for protons. The 
chemical shifts are given in reference to the solvent peak at 7.26 ppm. The theoretical 
molar masses were calculated from the conversions given by 1H NMR according to  
ܯഥn,th = ܯCTA + ሾmonomerሿൣCTA൧ × ܯmonomer × conversion	         (2.1) 
where MCTA is the molar mass of the chain transfer agent and [monomer] and [CTA] are the 
initial monomer and CTA concentrations, respectively. Mmonomer is the weighted molar mass 
of the comonomers and calculated from the molar ratios of comonomers in the product 
obtained by 1H NMR. The molar masses of the polymers were not determined by 1H NMR 
because of the overlap of the methyl group signals from EA and from DMP end group at 
0.99 ppm. For a block copolymer, [CTA] in eq 1 is replaced by the concentration of macro-
CTA. 
The CPs of the polymers were determined from the optical transmittance measured on 
a Cary 300 Bio UV−vis spectrophotometer equipped with a temperature-controlled sample 
holder. Samples were prepared by the dissolution of copolymers in distilled water in an 
ice−water bath, after which the solutions were homogenized by ultrasonication. The 
absorbance was measured at different wavelengths for the aqueous solution of polymers 1.0 
mg/mL by continuous heating at rate of 0.1 °C/min over various temperature ranges or 
stepwise heating at 1 °C intervals with 20 min equilibration at each temperature, which was 
also the heating procedure used in the light scattering experiments where continuous 
heating was not possible. Here, the CP is defined as a temperature at which the differential 
of transmittance change with respect to the temperature at a certain wavelength is 
maximal.28 Another definition is the temperature corresponding to a 10% or 50% reduction 
in the initial transmittance.20,25,29 For individual blocks, the temperature at which 50% 
transmittance was lost upon heating was considered as the CP. For block copolymers, the 
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CP is determined from the middle point between the onset and the offset of the 
transmittance curve as a function of temperature. 
Dynamic light scattering (DLS) studies on the temperature-dependent aggregation 
behavior were carried out on a CGS-3 compact goniometer (ALV GmbH) equipped with an 
ALV-5000 multi tau digital real time correlator at chosen temperatures using a 
Science/Electronics temperature controller. The laser wavelength was 632 nm, and the 
scattering angle was fixed at 90°. All solutions were made with the concentration of 2.0 
mg/mL and filtered through 0.22 μm Millipore filters to remove dust. The samples were 
heated at 1 °C intervals within 20 min equilibration time. The results were analyzed by 
CONTIN inverse Laplace transform algorithm. The decay rate distributions were 
transformed to an apparent diffusion coefficient and the apparent intensity-weighted 
hydrodynamic diameters of the polymers was obtained from the Stokes−Einstein equation. 
2.3 Results and discussion 
2.3.1 Kinetics of the RAFT copolymerization of N-alkyl-substituted 
acrylamides 
N-n-Propylacrylamide and N-ethylacrylamide were copolymerized in dioxane at 70 °C 
using a monomer ratio of 70:30 (nPA:EA) and a reactant ratio of 
[monomers]:[CTA]:[initiator] of 200:1:0.1. The conversion was monitored by 1H NMR 
spectroscopy of the samples withdrawn from the reaction mixture at regular time intervals 
and determined by comparing the integrated areas of the characteristic proton signals from 
the vinyl group of monomers in the region of 5.5−6.3 ppm with the integrated areas of the 
methyl signals of the polymer at 0.8−1.2 ppm (Figure 2.S1, Supporting Information). Of 
course, the contribution of residual methyl group signals is subtracted from the total 
integration in the region of 0.8−1.2 ppm (as explained in Figure 2.S2). 
The composition of the copolymer remained constant throughout the duration of the 
polymerization process as verified by 1H NMR (Figure 2.S2), which indicates the random 
nature of the copolymerization. The evolution of the molar mass with conversion is 
presented in Figure 2.1.  
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Figure 2.1 Number-average molar mass Mn as a function of conversion of the 
monomers for the RAFT copolymerization of nPA and EA at monomer ratio of 70:30 
(nPA:EA). Solid line represents the theroretical molar masses calculated from 
Equation 2.1. 
The increase in molar mass follows the theoretical line up to 70% conversion, which 
shows the controlled character of the copolymerization. An increase in polydispersity is 
observed at higher conversions (Figure 2.2A) and a negative deviation from linearity in the 
pseudo-first-order plot (Figure 2.2B) occurred after 120 min reaction time, both frequently 
reported for the RAFT polymerization of N-substituted acrylamides.20,25,30−32 An inhibition 
period of ∼15 min at the beginning of polymerization is attributed to the slow 
fragmentation of CTA.33−36 The kinetic data indicate that the concentration of the radical 
species is constant during the reaction, and thus, the polymerization is controlled in this 
range of conversions. The SEC chromatograms of the samples withdrawn at different 
reaction times (Figure 2.S3) show that the higher polydispersities at high conversions arise 
from low-molar-mass tailing similar to our earlier observations20 as well as those by other 
groups.30,35,37 
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Figure 2.2 (A) Polydispersity index (PDI) and (B) semilogarithmic kinetic plot of the 
monomer conversion ln([M]0/[M]t) as a function of reaction time for the RAFT 
copolymerization of nPA and EA in dioxane at 70 °C with a monomer ratio 
[nPA]:[EA] of 70:30 and [monomers]:[CTA]:[initiator] ratio of 200:1:0.1. Solid line is 
a linear fit to part of the data to serve as a visual guide. 
In our earlier discussion, we showed that the negative deviation of the kinetic plot may 
not arise from the initiator-derived radicals but is rather related to the number of other 
radicals, which can be corrected to some degree by lowering the polymerization 
temperature.20 This was our motivation for the choice of current reaction temperature (70 
°C). The reactivities of N-alkylacrylamides are also known to depend on their structure, the 
polymerizations of N,N-dialkyl-substituted acrylamides being faster and more controlled 
than those of their monosubstituted counterparts with less negative deviation in the kinetic 
behavior.20 In comparison with our earlier kinetic data on the homopolymerization of nPA 
with the same [CTA]:[initiator] ratio at the same temperature,20 the copolymerization of 
nPA and EA shows better linearity up to higher conversions. Other monomers (N-tert-
butylacrylamide, tBA, and N,N-dimethylacrylamide, DMA) with different mole fractions 
were also copolymerized under the same conditions, and they showed the same kinetic 
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behavior as P(nPA0.7EA0.3) (data not shown). On the basis of the kinetic data, the 
reaction conditions are chosen to provide an active macro-CTA that can be employed in the 
subsequent block copolymerization. 
2.3.2 CPs of the random copolymers 
Various N-alkylsubstituted acrylamide homopolymers and corresponding random 
copolymers were synthesized and studied in our group.12 Among them, N-n-
propylacrylamide (nPA) and N-ethylacrylamide (EA) were selected for the current study. 
These monomers have different hydrophilicities and thus the corresponding copolymers 
have different CPs. A series of copolymers with different nPA:EA ratios were synthesized, 
and their thermoresponsiveness was tested in aqueous solutions. Table 2.1 shows the 
characteristics of the copolymers. The copolymer compositions are nearly identical to the 
feed ratios, supporting our earlier observations on the similar reactivity of N-
alkylacrylamides12 and suggesting that the copolymers are statistically random. Figure 2.3 
shows the CPs of poly(nPAx-co-EA1−x) random copolymers as a function of the mole 
fraction of EA in the random copolymer. The CP increases with an increase in the mole 
fraction of the more hydrophilic monomer EA and follows eq 2-2 as a function of the 
comonomer composition:12  
ܶ = ߤଵ ଵܶ + ݇ߤଶ ଶܶߤଵ + ݇ߤଶ 														(2.2) 
where T, T1, and T2 are the CPs of the random copolymer, PEA, and PnPA, respectively. μ1 
and μ2 are the mole fractions of EA and nPA (note that μ1 = 1 − μ2), respectively, and k is a 
weighting parameter which can be deduced from curve fitting to the experimental data. A k 
value of 1 would be obtained in the case of a linear relationship of T vs μ1. In the current 
case, the plot has a concave shape, yielding a k value of 0.69. In comparison, a k value of 
0.51 was observed for the copolymers of EA and a more hydrophobic monomer, N-tert-
butylacrylamide (tBA).12 
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Figure 2.3 The CPs of poly(nPAx-co-EA1-x) aqueous solution as a function of the 
mole fraction of EA, µEA. The dashed line shows the curve fitting to Equation 2.2. 
 
Table 2.1 The chemical compositions and CP of poly(nPAx-co-EA1-x) copolymers 
with different ratios of the comonomers 
Polymer Mn1 (g/mol) PDI1 
nPA : EA ratio in 
final polymer2 
CP (oC)3 
PEA 19800 1.08 100 : 0 82 
P(nPA0.2EA0.8) 15200 1.24 19.1 : 80.9 75 
P(nPA0.4EA0.6) 19800 1.13 40.5 : 59.5 52 
P(nPA0.5EA0.5) 12000 1.18 49.8 : 50.2 45 
P(nPA0.6EA0.4) 20100 1.23 58.2 : 41.8 40 
P(nPA0.7EA0.3) 13200 1.11 69.9 : 30.1 37 
P(nPA0.8EA0.2) 16500 1.21 78.1 : 21.9 33 
PnPA 12800 1.10 0 : 100 20 
1 Determined by SEC. 2 Determined by 1H NMR. 3 Determined by UV-vis spectroscopy at λ = 350 nm.  
 
0
20
40
60
80
100
0 0,2 0,4 0,6 0,8 1
LC
ST
 (o
C
)
μEA
 56
Figure 2.3 shows a 15 °C difference between the CPs of P(nPA0.4EA0.6) and 
P(nPA0.7EA0.3), enough to distinguish the phase transitions in a block copolymer. 
Therefore, these monomer ratios were chosen to build the two blocks of the copolymer. 
2.3.3 Preparation of a diblock random copolymer by RAFT 
polymerization 
A random copolymer of nPA and EA with a comonomer ratio of 70:30, 
P(nPA0.7EA0.3), was synthesized to serve as a macro-CTA (macro-chain transfer agent) for 
the chain extension. The polymerization was stopped at 60% conversion to avoid the 
formation of dead chain ends. The polymer was purified by a precipitation in diethyl ether 
prior to the addition of the second block so that it was free of monomers as shown by 1H 
NMR spectroscopy (Figure 2.S1, Supporting Information). The details of the macro-CTA 
copolymer are presented in Table 2.2. 
Table 2.2 Conversions and the compositions of mono- and diblock random 
copolymers.  
Polymer nPA : EA ratio in 
the blocks (%)1 
Conversion1 
(%) 
Mn PDI3 
Theo.2 SEC3 
P(nPA0.7EA0.3) 69.9 : 30.1  60  13500  13200 1.11 
P(nPA0.7EA0.3)-b-
P(nPA0.4EA0.6) 
41.2 : 58.8  66  41000  45000  1.26 
1 Detemined by 1H NMR. 2 Calculated from Equation 1. 3Determined by SEC. 
As mentioned above, the comonomer ratio for building the second block was chosen to 
yield two separable phase transitions in aqueous solution. The conditions of the block 
copolymerization of nPA and EA at a feed ratio of 60:40 were the same as in the first 
copolymerization, but the ratio of reactants [monomer]:[macro-CTA]:[AIBN] was set at 
400:1:0.1 to provide a longer second block that would allow a better solubilization of the 
final block copolymer above the CP of the first block. It is known that some monomers 
tend to produce more deactivated macro-CTAs in a RAFT copolymerization than the 
others. Although this phenomenon is not fully understood, we have earlier shown that 
macro-CTAs of N-monosubstituted acrylamides such as nPA and iPA mostly remain 
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active, more than those of the disubstituted acrylamides.20,21 The results of the block 
copolymerization are summarized in Table 2.2, and the SEC chromatograms of the macro-
CTA and the resulting block copolymer are shown in Figure 2.4, indicating the livingness 
of block copolymerization.  
 
Figure 2.4 The SEC chromatograms of P(nPA0.7EA0.3) (macro-CTA) and 
P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) (diblock copolymer). 
The conversion of the second block was 66%, and the molar mass of the block random 
copolymer was well in accordance with the theoretical value calculated by eq 1. The 
polydispersity increased upon block copolymerization, indicating some loss of control over 
the RAFT polymerization process, commonly observed for macro-CTAs and associated 
with a small quantity of inactive species in the reaction.38 The monomer composition of the 
P(nPA0.4EA0.6) block in Table 2.2 was calculated from the 1H NMR spectra of macro-CTA 
and diblock copolymer (Figure 2.S4). On the basis of the molar masses given by SEC and 
the monomer compositions, the block ratio of the P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) diblock 
copolymer is 1:2.4. 
2.3.4 Solution properties of copolymers and block random copolymer 
To demonstrate the phase transitions of the individual blocks of P(nPA0.7EA0.3)-b-
P(nPA0.4EA0.6) diblock random copolymer, the transmittance curves of aqueous solutions 
20 25 30
Volume (mL)
P(nPA0.7EA0.3)P(nPA0.7EA0.3)-b-
P(nPA0.4EA0.6)
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of P(nPA0.7EA0.3) and P(nPA0.4EA0.6) at a concentration of 1.0 mg/mL upon heating are 
shown in Figure 2.5A, indicating CPs of 37 and 52 °C, respectively. The molar masses of 
the random copolymers were 13 200 and 19 800 g/mol, respectively (Table 1). 
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Figure 2.5 Temperature-dependent transmittance of 1.0 mg/mL aqueous solutions of 
(A) P(nPA0.7EA0.3) and P(nPA0.4EA0.6), observed at a wavelength of 350 nm, and (B) 
P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) at two wavelengths, 350 and 250 nm. The samples 
were heated by 1 °C intervals followed by an equilibration for 20 minutes. 
Figure 2.5B shows two clear shifts in the transmittance of P(nPA0.7EA0.3)-b-
P(nPA0.4EA0.6) solution with increasing temperature. When observed at 350 nm, the 
transmittance starts to decrease abruptly at 40 °C as the more hydrophobic P(nPA0.7EA0.3) 
block becomes insoluble upon heating, the middle point of the first transition being at 41.5 
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°C. When the temperature continues to rise, the second increase in the turbidity starts at 
46 °C with a middle point of the transition at 53 °C, corresponding to the CP of 
P(nPA0.4EA0.6). The broadening of the phase transition temperatures may be influenced by 
the mutual and opposite effect of the two individual blocks: The more hydrophilic block 
drags the CP of the neighboring block to a higher temperature while the more hydrophobic 
one drags the other block to a lower CP. Fast continuous heating without equilibration led 
to lower apparent transition temperatures (Figure 2.S5), as it may not allow enough time for 
the reorganization of individual blocks during the aggregation. The temperature-dependent 
transmittance of the diblock random copolymer depends on the detection wavelength 
(Figure 2.S5). It is known that the scattering depends strongly on the wavelength of the 
light (∼λ−4).39 This explains the higher transmittance at 350 nm than at 250 nm since the 
light of a shorter wavelength is more scattered than that of a longer wavelength.  
The temperature dependence of apparent mean hydrodynamic diameter (Dh) of 
P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6) in a 2.0 mg/mL solution is demonstrated in Figure 2.6, 
and the proposed mechanism for the aggregation process is shown in Scheme 2.2. At low 
temperatures, the solution consists of small micelles (Dh ≤ 22 nm) possibly together with 
molecularly dissolved polymers, which compress upon heating prior to reaching the onset 
of the first CP. Such shrinking has been commonly observed for thermoresponsive 
polymers due to a coil-to-globule transition.40−42 The micellization itself may stem from the 
hydrophobic C12H25 CTA end group of the block copolymer. The micelles start to 
aggregate when the temperature reaches the onset of the CP transition of the more 
hydrophobic P(nPA0.7EA0.3) block at 40 °C, and the mean diameter suddenly increases as 
the size distribution becomes bimodal due to the emergence of larger aggregates (Dh ∼ 88 
nm), similar to the observations by Laschewsky and co-workers on triblock copolymers.43  
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Figure 2.6 Temperature dependence of mean hydrodynamic diameter (Dh) and 
scattering intensity obtained by dynamic light scattering at 90° angle for a 2 mg/mL 
aqueous solution of P(nPA0.7EA0.3)-b-P(nPA0.4EA0.6). 
Further heating results in a collapse of the core at 44−48 °C upon the dehydration of 
the hydrophobic block, after which the aggregated species remain stable. We have earlier 
described similar aggregation behavior with an initial increase in Dh followed by a collapse 
for a poly(N-n-propylacrylamide) homopolymer as well as for its diblock and triblock 
copolymers.22 At 53 °C, the more hydrophilic P(nPA0.4EA0.6) block reaches its CP and 
becomes more hydrophobic, leading to its contraction in water and further clustering of the 
micelles. Scattering intensity increases gradually during the aggregation/collapse and 
clustering processes, with a plateau in between. At 63 °C, the size distribution is 
monomodal and the mean hydrodynamic diameter of clusters is 79 nm, followed by a small 
contraction due to further dehydration of the outer block upon heating. 
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Scheme 2.2 Schematic illustration of the aggregation behavior of P(nPA0.7EA0.3)-b-
P(nPA0.4EA0.6) in water upon heating. (a) Molecularly soluble polymers and small 
micelles below 40 oC; (b) Dehydration of the P(nPA0.7EA0.3) core at 40 oC; (c) 
Collapsed aggregates at 44-53 oC; (d) Clusters above 53 oC.  
 
2.4 Conclusion 
RAFT polymerization has been successfully used to make random copolymers of N-
alkyl-substituted acrylamides with narrow molecular weight distributions. The kinetic study 
shows the controlled character of the RAFT copolymerization of the two monomers in the 
family of N-alkylacrylamides at conversions below 70%. The CP of the copolymers can be 
varied over a temperature range of 20−85 °C by adjusting the comonomer ratio, allowing 
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the design of block copolymers of two random copolymers with different phase 
transition temperatures. The stepwise aggregation of the block copolymer at different 
temperatures has been clearly shown. While raising the temperature above the CP of the 
first block leads to clustering and subsequent collapse of the core of the aggregates, heating 
above the CP of the second block induces further clustering and contraction of the shell 
through the dehydration of outer block. Further studies by dynamic and static light 
scattering together with microscopic methods may help to better understand the aggregation 
process. These block random copolymers expand the scope of thermoresponsive polymers 
and give promise to novel materials with tailored stimuli-responsive properties. 
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2.6 Supporting Information 
 
Figure 2.S1 1H NMR spectra of (A) the reaction mixture of the copolymerization of 
nPA and EA after 90 min reaction time, and (B) the corresponding copolymer 
P(nPA0.7EA0.3) after the purification. The signals from the pendant groups of the 
copolymer have been assigned. 
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Figure 2.S2 1H NMR spectra of the reaction mixtures of the RAFT copolymerization 
with a monomer feed ratio of 70:30 (nPA:EA) at the reaction time of (A) 60 min, (B) 
120 min, and (C) 150 min, with peak integration values shown at the bottom of the 
peaks. The compositions of the copolymers obtained is calculated to be (A) 69.1:30.1, 
(B) 68.4:31.6, and (C) 69.3:30.7, respectively, and correspond closely to the monomer 
composition in the feed. The composition of the copolymer (nPA : EA) based on the 
integrations of the CH3 proton signals of the propyl (0.8-1.0 ppm) and ethyl groups 
(1.0-1.2 ppm) (assigned in Figure 2.S1) after subtracting the contribution of the 
signals from unreacted monomers as estimated from the CH2 signal integrations of the 
monomers (3.2-3.3 ppm for nPA and 3.3-3.4 ppm for EA). 
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Figure 2.S3  SEC traces of poly(nPA0.7-co-EA0.3) obtained by RAFT 
copolymerization at different reaction times.  
 
 
  
Figure 2.S4 1H NMR signals of EA methyl peak at 1.05 ppm and nPA methyl peak at 
0.82 ppm in CDCl3 for (A) P(nPA0.7EA0.3) (macro-CTA) and (B) P(nPA0.7EA0.3)-b- 
P(nPA0.4EA0.6) (diblock copolymer). 
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Figure 2.S5 Transmittance of a 1.0 mg/mL aqueous solution of P(nPA0.7EA0.3)-b- 
P(nPA0.4EA0.6) as a function of temperature with continuous heating rate of 0.1 °C/min 
observed at different wavelengths. 
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Chapter 3 
Switchable vesicles formed by diblock random 
copolymers with tunable pH- and thermo-
responsiveness*  
 
 
 
Abstract 
The thermo-responsiveness of polymers in aqueous media can be tuned by the choice 
of comonomers used in the synthesis of block copolymers made of random sequences of 
the same co-monomers but of different molar ratios. The same synthetic approach may be 
applied to other stimuli and we have made diblock random copolymers with both pH- and 
thermo-responsiveness and studied the formation of vesicles whose membrane core and 
coronas may be inverted in aqueous media. Sequential reversible addition-fragmentation 
chain transfer (RAFT) polymerization was used to prepare well-defined block copolymers 
in the form of AnBm-b-ApCq, where A, B and C are N-n-propylacrylamide (nPA), 2-
(diethylamino)ethyl methacrylate (DEAEMA) and N-ethylacrylamide (EA), respectively. 
This polymer shows interesting “schizophrenic” behavior in aqueous solutions. Both blocks 
are thermo-responsive and one block is pH-responsive in which the tertiary amine group of 
DEAEMA may be protonated at a lower pH. A molecularly dissolved polymer is obtained 
at neutral pH and ambient temperature. At pH 7 and 37 oC, the polymer self-assembles into 
vesicles with the poly(nPA0.8-co-EA0.2) block as the membrane core (mean hydrodynamic 
diameter of the vesicles Dh = 148 nm). In an alkaline medium (pH 10) at 25 oC, the 
membrane core and the coronas of the vesicles are inverted with the poly(nPA0.8-co-
 73
DEAEMA0.2) block forming the hydrophobic core of the membrane (Dh = 60 nm). In 
addition, two-step phase transitions are observed in both alkaline and neutral solutions 
corresponding to the cloud points of the individual blocks. Here, the random nature of the 
blocks allows fine-tuning the thermo-responsiveness based solely on lower critical solution 
temperatures and its combination with pH-sensitivity provides vesicles with switchable 
membrane core and corona in aqueous solution.   
3.1 Introduction 
The first examples of so-called “schizophrenic” stimuli-responsive block copolymers 
were introduced in the late 1990’s by Armes and coworkers.1 These systems form micelles 
capable of inverting their shell and core in aqueous solutions without adding any organic 
solvent, in response to an external stimulus that alters the relative hydrophilicity of the 
blocks. Each block is sensitive to a certain stimulus and can respond individually as it 
becomes either more hydrophilic or more hydrophobic.2 They are also sometimes called 
“confused” block copolymers for their dual behavior.3 Such stimuli include temperature,4-7 
pH,8-12 and combinations of ionic strength-pH1, 13, 14 or temperature-pH.15-26 All the systems 
introduced so far benefit from a change in their solution properties under fixed pH or 
temperature value since tuning such responsiveness may not be easy given the limited 
choice of the monomers, and they are composed of blocks consisting of a single 
monomer,16, 19-25 even though multi-block copolymers may exhibit multiple responses to 
external stimuli.27-34 On the other hand, temperature-dependent inversion of core and shell 
blocks in the micellar aggregates of “schizophrenic” block copolymers has been reported in 
aqueous solutions based on lower and upper critical solution temperatures (LCST and 
UCST) of the blocks,5, 7 but sometimes observing a clear UCST is difficult as the transition 
may be broad. To the best of our knowledge, there has been no report on such invertible 
systems with dual thermo-responsiveness exploiting the LCST-like behavior of both 
blocks. We attempt to address these issues here by preparing an invertible system made in 
quite a controlled manner, where both tuneable blocks in a diblock copolymer show 
separate cloud points (CPs) in water. 
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We have prepared random copolymers that allow the tuning of the cloud point by 
adjusting the monomer composition in the blocks.35-38 Block random copolymers showing 
tunable solution properties for each block have recently been synthesized and studied.39, 40 
Inspired by the natural and synthetic polymers responsive to multiple stimuli, our approach 
is to make diblock copolymers from random copolymer blocks of pH- and thermo-sensitive 
comonomers. Here, the pH-sensitive block is also thermo-sensitive, while the second block 
responds only to temperature changes. Controlling the block length and the composition of 
the blocks allows the design of systems with tunable responsiveness to a desired pH, a 
property that may be useful for the rapid release of an encapsulated guest molecule in 
response to external stimuli. The diblock copolymer consists of two blocks showing 
separate CPs and a variety of techniques may be used to study their “schizophrenic” self-
assembling process into vesicles. The stimuli-responsiveness of individual blocks and the 
pH-dependent thermo-sensitivity of diblock random copolymers should lead to the 
inversion of core and corona blocks in the vesicle membranes under suitable conditions and 
their aggregation at high temperatures. 
3.2 Experimental 
3.2.1 Materials 
2,2’-azobisisobutyronitrile (AIBN, Eastman Kodak) was recrystallized from methanol. 
Sodium deuteroxide, deuterium chloride, acryloyl chloride, ethylamine (70 % aqueous 
solution) and n-propylamine were purchased from Aldrich and were used without further 
purification. 2-(Diethylamino)ethyl methacrylate (DEAEMA) was purchased from Aldrich 
and vacuum-distilled prior to use. N-n-propylacrylamide (nPA) and N-ethylacrylamide 
(EA) were synthesized according to a procedure reported by Shea et al.41 3-
(Benzylsulfanylthiocarbonylsulfanyl)propionic acid (BPA) was prepared according to a 
procedure described by Stenzel et al.42 and used as a chain transfer agent (CTA). 
Anhydrous and oxygen-free tetrahydrofuran (THF) was obtained by passage through 
columns packed with activated alumina and supported copper catalyst (Glass Contour, 
Irvine, CA). Water was purified using a Millipore Milli-Q system. 
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3.2.2 Polymer synthesis  
A previously reported method was used to synthesize the diblock random copolymer.39 
In this work, THF was used as the solvent and BPA as the RAFT agent. The monomers 
used for the first copolymerization are nPA and DEAEMA, while nPA and EA are used to 
prepare the second block. Since DEAEMA is prone to sublimation in the freeze-thaw 
process, nitrogen bubbling was selected as the degassing method. The reaction mixture of 
[monomer]:[BPA]:[AIBN] in the molar ratio of 200:1:0.1 and with a total monomer 
concentration of 0.3 g/mL was purged with N2 for 30 min prior to immersing it in a 
preheated oil bath (70 °C). After 90 min reaction time, the polymerization was terminated 
and the random copolymer was precipitated in petroleum ether, filtered and dried in 
vacuum at room temperature to yield poly(nPA0.8-co-DEAEMA0.2)-CTA. The resulting 
random copolymer was then used as the BPA-ended macro-CTA in the second step to 
prepare a diblock copolymer, poly(nPA0.8-co-DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2), 
using the reactant molar ratio [monomer]:[macro-CTA]:[AIBN] of 200:1:0.1. The 
procedure for the diblock copolymerization was the same as for the random 
copolymerization, except that the comonomers were different and BPA was replaced by 
macro-CTA (Scheme 3.1). Poly(nPA0.8-co-EA0.2) and poly(nPA0.7-co-DEAEMA0.3) were 
also made separately with the same method to study the LCST of the second block 
individually and the effect of the DEAEMA content on the thermal behavior, respectively. 
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Scheme 3.1 Synthesis of dual responsive diblock random copolymer poly(nPA0.8-co-
DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) via RAFT copolymerization of nPA and 
DEAEMA followed by a chain extension with nPA and EA. 
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3.2.3 Polymer characterization 
Molar masses and polydispersity indices (PDI) of the polymers were determined by 
SEC on a Waters 1525 system equipped with three Waters Styragel columns and a 
refractive index detector (Waters 2410) at 35 °C. N,N-dimethylformamide (DMF) 
containing 0.01 M LiBr was used as the mobile phase at a flow rate of 1 mL/min. The 
system was calibrated by poly(methyl methacrylate) standards.  
The NMR spectra of the monomers and polymers in deuterated chloroform (CDCl3) 
were recorded on a Bruker AV-400 NMR spectrometer operating at 400 MHz for protons, 
and the temperature-dependent NMR spectra of the diblock random copolymer were 
recorded on a Bruker AV-500 spectrometer working at 500 MHZ in deuterated water 
(D2O). The pH of the solutions was adjusted by adding NaOD or DCl solution in D2O. The 
theoretical molar masses were calculated from the conversions given by 1H NMR according 
to  
ܯഥn,th = ܯCTA + ሾmonomerሿൣCTA൧ × ܯmonomer × conversion	          (3.1) 
where MCTA is the molecular weight of the chain transfer agent and [monomer] and [CTA] 
are the initial monomer and CTA concentrations, respectively. Mmonomer is the average 
molecular weight of the comonomers and calculated from 
ܯmonomer = ݔ ×ܯଵ + (1 − ݔ) × ܯ2           (3.2) 
where x is the molar fraction of monomer 1 (obtained by 1H NMR) and M1 and M2 are the 
molecular weights of monomers 1 and 2 in the random copolymer, respectively. For a block 
copolymer, [CTA] in Equation 1 is replaced by the concentration of macro-CTA. 
Atomic force microscopy (AFM) images were acquired in air at room temperature 
using tapping mode on a (Digital Instruments Dimension 3100 microscope, Santa Barbara, 
CA) Intermittent contact imaging (i.e., “tapping mode”) was performed at a scan rate of 1 
Hz using aluminium-coated etched silicon cantilevers (ACTA tips from App Nano Inc.) 
with a resonance frequency around 300 kHz, a spring constant of ~42 N/m, and tip radius 
of < 10 nm. All images were acquired with a medium tip oscillation damping (20−30%). 
The samples were analyzed in the dried state via drop deposition of the 0.05 mg/mL 
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aqueous solution of the polymer onto a mica surface at desired temperature, following by 
lyophilization. 
Transmission electron microscopy (TEM) images were recorded on lyophilized 
aqueous samples (0.05 mg/mL) deposited on copper grids (300 mesh, Carbon Type-B, Ted 
Pella, Inc.) at desired temperature. The images were acquired on FEI Tecnai 12 TEM at 120 
kV, equipped with AMT XR80C CCD camera system.  
Temperature-dependent zeta potential measurements were conducted in pure Milli-Q 
water on a Zetasizer instrument (Nano ZS) from Malvern. The zeta potential, Z, is 
determined through the electrophoretic mobility UE with Henry’s equation: 
ܷܧ = ଶఌ௓௙(఑௔)ଷȠ 	              (3.3) 
where ε is the dielectric constant, η is the viscosity, and f(κa) is the Henry’s function. The 
value of 1.5 is used for f(κa) in aqueous solutions of moderate electrolyte concentration, 
which is referred to as the Smoluchowski approximation. The final values were the average 
of 3 measurements. The cloud points (CPs) of the polymers were determined from the 
optical transmittance measured on a Cary 300 Bio UV-vis spectrophotometer equipped 
with a temperature-controlled sample holder. The samples at a concentration range of 0.5 to 
0.05 mg/mL were prepared by dissolving the copolymers in deionized water cooled in an 
ice-water bath, after which the solutions were homogenized by ultrasonication. The pH of 
the solutions (5 mL) was adjusted by adding microliter quantities of 0.1 N HCl or 0.1 N 
NaOH. The stability of the pH was checked after 24 h and fine-tuned by further addition of 
acid or base, if necessary. The absorbance was measured at different wavelengths for the 
aqueous solution of polymers by continuous heating at a rate of 0.1−0.3 °C/min over 
various temperature ranges. For individual blocks, the cloud point is given as the 
temperature at which 50% transmittance was lost upon heating. For block copolymers, the 
CP is determined from the middle point between the onset and the offset of the 
transmittance curve as a function of temperature. 
Light scattering studies on the pH- and temperature-dependent aggregation behavior 
were conducted on a CGS-3 compact goniometer (ALV GmbH) equipped with an ALV-
5000 multi tau digital real time correlator at selected temperatures using a 
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Science/Electronics temperature controller. The laser wavelength was 632 nm. In 
dynamic light scattering (DLS) experiments the scattering angle was fixed at 90°. All 
solutions were prepared at a concentration of 0.05 mg/mL and dust was removed by 
filtering through 0.22-μm Millipore filters. The DLS results were analyzed by cumulant 
method. The decay rate distributions were transformed to a diffusion coefficient and the 
apparent intensity-weighted hydrodynamic diameters of the polymers were obtained from 
the Stokes-Einstein equation. In static light scattering (SLS) experiments, apparent weight-
average molar masses (Mw,app) of the diblock copolymer and its aggregates were measured 
in dilute solutions (0.05 mg/mL) from the angular dependence of the excess absolute time-
averaged scattering intensity, known as Rayleigh ratio R(θ) (typically shown in Figure 
3.S1). The angular range was between 30° and 150° with increments of 10°. The values of 
Mw,app were obtained from the extrapolation of partial Zimm plots.43, 44 The refractive index 
increments (dn/dc) were determined by a Brookhaven (BIC-DNDC) differential 
refractometer for three temperature ranges in relation to the two cloud points of the block 
copolymer, CP1 and CP2. The values were 0.143 (T < CP1), 0.171 (CP1 < T < CP2), and 
0.174 (T > CP2), respectively.  
3.3 Results and discussion 
3.3.1 Preparation of the polymers  
We demonstrated in an earlier study39 that the cloud point of the random copolymers 
made from nPA and EA can be tuned over a wide temperature range of 20−85 °C by 
adjusting the ratio of comonomers. In addition, the diblock copolymer consisting of such 
blocks showed two separate phase transition temperatures. As the reactivity of monomers 
in the RAFT polymerization depends on the chain transfer agent (CTA), a suitable CTA 
must be chosen to efficiently polymerize both acrylamide- and methacrylate-based 
monomers. For instance, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DMP) 
has been used in our group as a CTA for the polymerization of acrylamides, but DEAEMA 
was not polymerized with DMP as the RAFT agent. Therefore, 3-
(benzylsulfanylthiocarbonylsulfanyl)propionic acid (BPA) was our choice for the (block) 
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copolymerization of N-n-propylacrylamide (nPA) with 2-(diethylamino)ethyl 
methacrylate (DEAEMA) or N-ethylacrylamide (EA). The composition of the blocks 
obtained was similar to the feed ratio (Table 3.1), and frequent sampling from the reaction 
mixture showed the statistical nature of the random copolymer of an acrylamide (nPA) and 
methacrylate (DEAEMA, Table 3.S1). An earlier study on the kinetics of copolymerization 
of nPA and EA indicated a deviation from linearity at high conversions (≥ 70%), 
suggesting the presence of dead chains.39 Therefore, the conversions of the current 
polymerizations were kept low (~ 30%) to ensure the livingness of the chains and to 
achieve similar molar masses for the two blocks, controlled by the 
[monomer]:[CTA]:[AIBN] ratios. We found that the block containing the methacrylate-
based monomer DEAEMA allowed easy addition of the second block, while the block 
containing only acrylamide monomers is not easily extended to form a diblock copolymer. 
In addition, DEAEMA is prone to sublimation in a freeze-thaw process, nitrogen bubbling 
was used for degassing.  
Table 3.1 Conversions and compositions of mono- and diblock random copolymers.  
Polymer 
Monomer ratio 
in the blocks1 
Conversion1 
(%) 
Mn (×103 g/mol) 
PDI3 
Theo.2 SEC3 
P(nPA0.8-co-DEAEMA0.2) 81:19 31 7.9 6.5 1.18 
P(nPA0.8-co-DEAEMA0.2)-
b-P(nPA0.8-co-EA0.2) 
78:22 34 13.9 14.6 1.35 
1 Determined by 1H NMR. For the block copolymer, the given composition corresponds to that of 
the second block. 2 Calculated from Equation 1. 3 Determined by SEC calibrated by poly(methyl 
methacrylate) standards. 
The purification of poly(nPA-co-DEAEMA) copolymer by precipitation was necessary 
prior to its use as a macro-CTA in the subsequent block copolymerization. The properties 
of the macro-CTA and the resulting block copolymer are listed in Table 3.1. The 
compositions of the polymers and the molar masses were determined by 1H NMR (Figure 
3.S1) and size exclusion chromatography (Figure 3.S2), respectively. An increase in the 
polydispersity is observed for the diblock copolymer which is frequently reported for the 
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RAFT polymerization of macro-CTA.39, 45, 46 As the block symmetry is one of the critical 
parameters influencing the solubility and the micellization process,1 block ratio 1:1.25 for 
poly(nPA-co-DEAEMA): poly(nPA-co-EA) was selected. The block ratio was calculated 
from the compositions of the blocks and the molar masses given by SEC. The monomer 
ratios have been selected to yield two well-separated thermal transitions at neutral pH, one 
of which is slightly below the body temperature. Based on our earlier study on the effect of 
nPA:EA molar ratio on the cloud point of the copolymer, the latter transition is obtained at 
a ratio of 80:20.39 The solution properties of individual blocks are discussed below. 
Although it is known that the end groups of thermoresponsive polymers influence the 
micellization and lower critical solutions temperatures,47 the end group was not removed to 
avoid the possible cleavage of the ester bond of DEAEMA. Furthermore, the selected 
RAFT agent (BPA) is water-soluble, and hence, its effect on the solution properties of the 
copolymers is expected to be minimal.  
3.3.2 Solution properties of the copolymers 
The thermal transitions of individual blocks of the diblock random copolymer were 
measured by UV-vis spectroscopy. Figure 3. 1 shows the transmittance curves of aqueous 
solutions of poly(nPA0.8-co-DEAEMA0.2) with the properties mentioned in Table 3.1 and 
poly(nPA0.8-co-EA0.2) with molar masses of 16500 g/mol, and PDI of 1.21.  
While the CP of poly(nPA0.8-co-EA0.2) at 33 °C does not change with pH, a strong pH-
dependence is observed for poly(nPA0.8-co-DEAEMA0.2), as shown in Figures 3.2 and 3.3. 
The tertiary amine residues of DEAEMA become protonated and positively charged in 
acidic medium, making the copolymer more hydrophilic and thus, leading to the complete 
disappearance of CP at pH 4. While the ester bonds of polyacrylates are subject to 
hydrolysis in aqueous solutions,48 those of polymethacrylates show better stability even in 
acidic and basic solutions.49 NMR data showed that poly(nPA0.8-co-DEAEMA0.2) was 
stable against hydrolysis at both pH 7 and 10 used in this study.   
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Figure 3. 1 Temperature-dependent transmittance of 0.5 mg/mL aqueous solutions of 
(A) poly(nPA0.8-co-DEAEMA0.2) at pH 10.0, (B) poly(nPA0.8-co-EA0.2) and (C) 
poly(nPA0.8-co-DEAEMA0.2) at pH 7.0, observed at a wavelength of 300 nm.  
The pKa of PDEAEMA homopolymer is 7.3,16 giving an idea of the degree of 
protonation of DEAEMA moieties in the pH range studied. The solubility of poly(nPA0.8-
co-DEAEMA0.2) decreases with increasing pH upon deprotonation and, as a result, the CP 
decreases gradually from 68 (pH = 6) to 13 oC (pH > 9, Figure 3.3). The PDEAEMA 
homopolymer is water-insoluble in its deprotonated form.11 Therefore, the CP of fully 
deprotonated poly(nPA0.8-co-DEAEMA0.2) is lower than that of PnPA (20 oC, Mn = 12800 
g/mol).39 
As shown in Figure 3.1, at both pH 7 and 10, the CP of poly(nPA0.8-co-DEAEMA0.2) is 
well distinguishable from that of poly(nPA0.8-co-EA0.2) and, hence, two well-separable 
transitions could be observed also with their block copolymer at these pH values. The 
composition dependence of the CP for poly(nPAx-co-DEAEMA1-x) was also observed. For 
instance, the CP of a copolymer with higher DEAEMA content, poly(nPA0.7-co-
DEAEMA0.3) (Mn = 7400 g/mol, PDI = 1.20) at pH 10 lies at 10 oC, which is lower than 
that of poly(nPA0.8-co-DEAEMA0.2) (13 oC, Mn = 6500 g/mol, PDI = 1.18). Thus, the cloud 
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point of a poly(nPA-co-DEAEMA) random copolymer at any desired pH can be adjusted 
by tuning its composition.  
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Figure 3.2 Thermosensitivity of 0.5 mg/mL aqueous solution of poly(nPA0.8-co-
DEAEMA0.2) measured by UV-vis spectroscopy at 300 nm and heating rate 0.3 
oC/min at different pH values. The protonation and deprotonation of poly(nPA0.8-co-
DEAEMA0.2) random copolymer depending on the pH is also shown. 
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Figure 3.3 The cloud points of the 0.5 mg/mL aqueous solutions of poly(nPA0.8-co-
DEAEMA0.2) as a function of pH (extracted from Figure 3.2). The dashed lines are 
added as visual guides. 
3.3.3 Solution properties of diblock random copolymer 
The dual thermo-responsive behavior of the diblock random copolymer poly(nPA0.8-
co-DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) at pH 7 and 10 was studied by UV-vis, 1H 
NMR spectroscopy, TEM, AFM imaging, zeta potential measurements, and laser light 
scattering.  
UV-vis spectroscopy. At pH 7 (Figure 3.4A), the more hydrophobic poly(nPA0.8-co-
EA0.2) block starts to collapse with increasing temperature at its cloud point of 33 oC, 
accompanied by a reduction in transmittance. TEM images show that, at this point, vesicles 
with poly(nPA0.8-co-EA0.2) membrane core are formed (Figure 3.5A). The second 
aggregation step starts at around 52 oC, corresponding to the cloud point of poly(nPA0.8-co-
DEAEMA0.2) at pH 7 (Table 3.2).  
The effect of particle size on the apparent turbidity has been discussed previously.39 
The strong wavelength dependence of scattering (~ λ-4) means that a radiation of shorter 
wavelength is scattered more strongly than that of a longer wavelength.50 Therefore, fewer 
particles are visible when observed at higher wavelength, leading to a lower apparent 
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turbidity.30 Due to the large size of particles formed in the course of the first transition, 
resulting in a strong shift in transmittance, the second step is not as clear at a low detection 
wavelength (Figure 3.S4).  
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Figure 3.4 Dual stimuli-responsive behavior and the two-step transition observed for 
aqueous solutions of diblock random copolymer poly(nPA0.8-co-DEAEMA0.2)-block-
poly(nPA0.8-co-EA0.2) (0.05 mg/mL) at (A) pH 7 and (B) pH 10 measured by UV-vis 
transmittance at 3 different wavelengths at a heating rate of 0.1 oC/min. 
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Figure 3.5 Representative TEM images of 0.05 mg/mL aqueous solutions of diblock 
copolymers deposited on copper grids at (A) pH 7, 37 °C and (B) pH 10, 25 °C, 
showing vesicles at both conditions. Note that the scale bars are 100 nm and 50 nm, 
respectively. 
At pH 10 (Figure 3.4B), the first cloud point starting at 14 oC is assigned to the 
collapse of the poly(nPA0.8-co-DEAEMA0.2) block, where the deprotonated DEAEMA 
units make this block more hydrophobic. Hence, the poly(nPA0.8-co-DEAEMA0.2) block 
will form the core of the vesicle membranes upon its collapse (Figure 3.5B). The second 
step in the transmittance curves starting at 21 oC is rather broad and the smaller total shift in 
the transmittance at 500 nm compared to pH 7 reflects the smaller size of the particles at 
pH 10. This is confirmed by the dynamic light scattering results discussed later. Larger 
aggregates at pH 7 could be due to the slightly longer poly(nPA0.8-co-EA0.2) block, which 
collapses first at pH 7. 
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Table 3.2 Cloud points of individual blocks and the block copolymer at different pH 
values measured by UV-vis transmittance at 300 nm.* 
pH 
P(nPA0.8-co-
DEAEMA0.2) 
CP (°C) 
nPA0.8-co-
EA0.2 
CP (°C) 
P(nPA0.8-co-DEAEMA0.2)-b-
P(nPA0.8-co-EA0.2) 
CP1 (°C) CP2 (°C) 
7.0 52 33 39 53 
10.0 13 33 18 32 
* The CPs measured at higher wavelengths are generally 1-3 oC higher. 
We have previously observed the interdependence of thermal transitions of a double 
thermosensitive diblock random copolymer due to a difference in the relative 
hydrophilicities of the blocks.39 Thus, the CP of the less hydrophilic block of the diblock 
copolymer shifts to a higher temperature, while that of the more hydrophilic block moves to 
a lower temperature, and such a behavior would also be expected for poly(nPA0.8-co-
DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2). Therefore, at pH 10 the CP of poly(nPA0.8-co-
DEAEMA0.2) block is slightly higher and that of poly(nPA0.8-co-EA0.2) block is lower than 
the corresponding transition temperatures of the individual copolymers. This effect is also 
seen at pH 7 with the first transition corresponding to the CP of the poly(nPA0.8-co-EA0.2) 
block, which is slightly higher than the corresponding transition of the individual 
copolymer. At pH 7, the more hydrophilic and partially protonated poly(nPA0.8-co-
DEAEMA0.2) block is much less affected by its neighboring block and the onset of the 
transition is close to the CP of the individual copolymer. 
1H NMR Spectroscopy. 1H NMR was used to study the dual responsive behavior of 
poly(nPA0.8-co-DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) solutions in D2O. Figure 3.6 
shows the temperature-dependent 1H NMR spectra at pH 7 and 10. In Figure 3.6A (pH 10), 
no difference is observed in the spectra at 10 and 15 oC, but peaks b and c, both 
characteristic for poly(nPA0.8-co-DEAEMA0.2), start to show reduced intensity upon 
heating to 20 and 25 oC, indicating the collapse of poly(nPA0.8-co-DEAEMA0.2), which is 
now more hydrophobic. Peaks d and f belong to the poly(nPA0.8-co-EA0.2) block, whereas 
peak a comes from both blocks. Further heating to 30 oC induces no change to peak f and a 
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small change to peaks a and d, but they show greater attenuation at higher temperatures 
(35 and 40 oC), where the more hydrophilic block poly(nPA0.8-co-EA0.2) is collapsed. In 
Figure 3.6B ( pH 7), the characteristic peaks of poly(nPA0.8-co-EA0.2) only start to attenuate 
at 35 oC, indicating that poly(nPA0.8-co-EA0.2) is now the more hydrophobic block and 
collapses first. Interestingly, the signals of poly(nPA0.8-co-DEAEMA0.2) do not disappear 
even at 65 oC, probably due to the charged nature of this block. Since the pKa of this block 
is 7.3,7 about 67% of amine groups are protonated at pH 7. These charged moieties are still 
swollen, and peaks b, c, and e even seem to become more visible at higher temperatures, 
which could suggest high mobility of the protonated domains. While the 1H NMR and UV-
vis spectroscopy provide evidence for the “schizophrenic” self-assembling behavior, the 
aggregate morphologies cannot be deduced. Hence, LLS, TEM and AFM imaging, and zeta 
potential measurements were undertaken for a better understanding of the aggregation 
process. 
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Figure 3.6 1H NMR spectra of poly(nPA0.8-co-DEAEMA0.2)-block-poly(nPA0.8-co-
EA0.2) as a function of temperature at (A) pH 10, and (B) pH 7. 
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Dynamic and static light scattering. According to the light scattering results shown 
in Table 3.3, the solution of the random block copolymer at pH 7 and 25 oC mostly contains 
molecularly dissolved polymer chains with zeta potential lower than 5 mV. Even though we 
used PMMA as SEC standards, with a structure different from those of the studied 
polymers, the apparent weight-average molar mass obtained by SLS (1.8×104 g/mol) agrees 
quite well with the one given by SEC in DMF (1.9×104 g/mol). A typical example of The 
samples were heated at 1 °C intervals within 20-min equilibration time, corresponding to an 
average heating rate of 0.05 oC/min. At such slow heating process, the polymer chains have 
more time for interchain interactions and aggregation before the temperature-induced coil-
to-globule transition; therefore, larger aggregates are expected.51 It must be emphasized that 
the selected temperatures in Table 3.3, both at pH 7 and 10 (37 and 25 °C, respectively), 
correspond to conditions where self-assembled nanostructures are formed, namely the 
temperatures where the transmittance in Figure 3.4 starts to decrease and self-assembling 
occurs. At temperatures above CP2, the corona-forming blocks of the vesicles will collapse, 
leading to aggregation.  
Table 3.3 Micellar properties of a diblock random copolymer poly(nPA0.8-co-
DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) in 0.05 mg/mL aqueous solutions studied 
by LLS. 
 
Temperature 
(°C) 
Dh (nm)a PDIa 
Mw,app 
(g/mol)b 
Naggc 
Zeta potential 
(mV) 
pH 10 37 116 0.029 1.2×108 6.7×103 -23 ± 2 
 
25 60 0.184 7.1×106 4.0×102 -20 ± 1 
pH 7 25 7 - 1.8×104  ~ 1 4 ± 1 
 
37 148 0.164 1.8×108 1.0×104 22 ± 1 
 
55 328 0.266 7.1×109 3.9×105 25 ± 2 
a Mean intensity-weighted hydrodynamic diameter and polydispersity index (PDI) determined by DLS. b 
Apparent weight-average molar mass determined by SLS. c Aggregation number calculated from Mw,app. 
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Based on the cloud points of the individual blocks and the block copolymer, the core 
of the vesicles membrane is composed of the poly(nPA0.8-co-EA0.2) block at pH 7 and the 
poly(nPA0.8-co-DEAEMA0.2) block at pH 10. The size distributions obtained during the 
experiment are depicted in Figure 3.S3.   
 
 
Scheme 3.2 Self-assembling process of poly(nPA0.8-co-DEAEMA0.2)-block-
poly(nPA0.8-co-EA0.2) into vesicles, and then aggregates upon heating. The images of 
representative particles are taken from larger TEM and AFM images (Figures 3.5 and 
3.7, respectively). 
The proposed self-assembling process is depicted in Scheme 3.2. At pH 10, the 
DEAEMA moieties of poly(nPA0.8-co-DEAEMA0.2) block and also the carboxylic end 
group of the CTA are deprotonated. Thus, the poly(nPA0.8-co-DEAEMA0.2) block becomes 
more hydrophobic at 25 oC above its cloud point, while the poly(nPA0.8-co-EA0.2) block is 
still solvated along with the attached anionic CTA end group. This leads to the formation of 
vesicles with mean hydrodynamic diameter of 60 nm and Nagg ~ 400. The zeta potential of 
the vesicles is -20 mV due to the anionic chain ends, which are located on the coronas. At 
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pH 7, the poly(nPA0.8-co-EA0.2) block is dehydrated at 37 oC, thus forming the core of 
the vesicle membrane, while the poly(nPA0.8-co-DEAEMA0.2) block is solvated due to the 
partial protonation of amine groups. The partially protonated block contributes to the 
positively charged coronas of inverted vesicles with zeta potential of 22 mV. The 
hydrodynamic diameter of the vesicles is 148 nm and the aggregation number (Nagg ~ 
1.0×104) is higher than at pH 10. The large hydrodynamic diameter and high aggregation 
number are typical of vesicular structures. AFM studies at both pH 10 and 7 (Figures 3.7A 
and 3.7C, respectively) show spherical particles with mean number-average diameters of 60 
nm and 67 nm for poly(nPA0.8-co-DEAEMA0.2)-core (pH 10) and poly(nPA0.8-co-EA0.2)-
core (pH 7), respectively. The diameters obtained by AFM have been determined in a dried 
state and are therefore lower than those by DLS in solution. The charged particles at pH 7 
are more affected by the removal of water.  
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Figure 3.7 AFM images of 0.05 mg/mL aqueous solutions of poly(nPA0.8-co-
DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) diblock random copolymer deposited on 
mica at (A) pH 10 and 25 oC, (B) pH 7 and 37 oC, (C) pH 10 and 37 oC, and (D) pH 7 
and 55 oC. Note that the image width (scale) is 1.0 µm for (A) and (B), 5.0 µm for (C) 
and 2.5 µm for (D). 
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The block ratio is known to influence the morphologies of self-assemblies, even 
when the blocks are stimuli-responsive and capable of changing their relative 
hydrophilicities in the block copolymer. For example, the pH- and temperature-responsive 
poly(N,N-diethylaminoethyl methacrylate)-block-poly(N-isopropylacrylamide) 
(PDEAEMA-b-PNIPAM) forms spherical micelles in aqueous solution in spite of the core 
block if the mass fractions of blocks are similar, i.e. 50:50 (wt %). However, if one block is 
much longer, different self-assembled morphologies can be observed and, for example, the 
mass ratio of 70:30 (wt %) of PDEAEMA-b-PNIPAM leads either to the formation of 
spherical micelles or vesicles, depending on which block has higher relative hydrophilicity 
with the selective stimuli.16 In another example, a double temperature-responsive poly[2-
(dimethylamino)ethyl methacrylate-block-di(ethyleneglycol)methyl ether methacrylate] 
(poly(DMAEMA-b-DEGMA)) at 50:50 (wt %). formed multi- or unilamellar vesicles 
depending on temperature.52 In our case, the mass ratio of the poly(nPA0.8-co-DEAEMA0.2) 
and poly(nPA0.8-co-EA0.2) blocks is 45:55 (wt %) and with this composition, the formation 
of either micelles or vesicles could be expected. The higher degree of aggregation at pH 7 
could stem from the slightly longer poly(nPA0.8-co-EA0.2) block collapsing at pH 7 and 37 
ºC. 
If the solution of vesicles at pH 10 is heated from 25 (A in Scheme 3.2) to 37 °C (D), 
above the cloud point of the corona-forming poly(nPA0.8-co-EA0.2) block, the coronas 
collapse and the vesicles aggregate into larger clusters (Dh = 116 nm, Nagg ~ 6.7×103). This 
process corresponds to the second step in the shift in transmittance shown in Figure 3.4B 
and is accompanied by a decrease in zeta potential to -23 mV. This step is illustrated by 
AFM imaging in Figure 3.7, and the collapsed particles coexist with the single ones in a 
polydisperse system with diameters ranging from 25 to 103 nm. On the other hand, the 
vesicles with both temperature- and pH-sensitive poly(nPA0.8-co-DEAEMA0.2) coronas at 
pH 7 (C in Scheme 3.2) show pH-dependent aggregation upon heating. When the sample 
(pH 7) is heated to 55 oC, above the cloud point of poly(nPA0.8-co-DEAEMA0.2) block, Dh 
= 328 nm and Nagg ~ 3.9×105 (E) are obtained with the zeta potential of 25 mV. The molar 
mass of the aggregates measured by SLS is almost 40 times higher at 55 oC (E) than at 37 
oC (C), suggesting that the vesicles at pH 7 show behavior similar to pH 10, aggregating 
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into larger clusters upon heating. According to the AFM image in Figure 3.7, large 
aggregates are present in a polydisperse system with diameters between 40-400 nm. 
According to the phase diagram proposed in Scheme 3.2, the pH-sensitive and thermo-
sensitive poly(nPA0.8DEAEMA0.2) block can either contribute to the core of the vesicle 
membranes or to stabilizing the coronas, depending on the external stimulus. This feature, 
in addition to the tunability of the temperatures for switching between vesicles and inverted 
vesicles, contributes to the versatility of these smart materials.  
3.4 Conclusions  
The synthetic approach developed in our group for making blocks of random 
copolymers allows the making of block copolymers responding to a desired condition 
almost at will within a reasonable range for the external stimuli. This work provides an 
illustrative example for the design and synthesis of such polymers. Combining pH- and 
temperature-responsive poly(nPA0.8-co-DEAEMA0.2) and temperature-responsive 
poly(nPA0.8-co-EA0.2) random copolymers in a diblock copolymer resulted in a system that 
is responsive to multiple stimuli. The composition-dependent response to the external 
stimuli allows the design of a wide range of responsive polymers. pH-switchable vesicles 
exhibiting “schizophrenic” behavior were formed in aqueous solutions and their sizes 
depend on both pH and temperature. The block copolymer was molecularly dissolved in 
water at 25 oC (pH 7), forming vesicles at 37 oC (pH 7), while the core and corona of the 
vesicle membranes could be switched at 25 oC (pH 10). The behavior of the polymers is 
clearly of fundamental research interest. There may be potential applications where 
responsiveness to both temperature and pH is desired. For instance, the thermoresponsive 
“schizophrenic” diblock copolymer PNIPAAm-b-PSBMA has recently been studied for its 
anticoagulant behavior in the human blood in the range of 4−40 oC.4 The advantage of the 
current design is the possibility to tailor such responsiveness to a desired temperature and 
pH by adjusting the chemical composition of the monomers during the polymerization. The 
two-step self-assembling process is also an interesting issue that could be the subject of 
further detailed studies. 
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3.6 Supporting information 
 
Table 3.S1 Molar ratio of nPA and DEAEMA as a function of reaction time and 
conversion in RAFT polymerization using BPA as the CTA. 
Reaction time (min) 15 30 45 70 90 
Conversion (%) 8 13 19 26 32 
nPA : DEAEMA molar ratio in the 
polymer 79 : 21 78 : 22 80 : 20 82 : 18 81 : 19 
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Figure 3.S1 1H NMR spectra of (A) poly(nPA0.8-co-DEAEMA0.2)-CTA, and (B) the 
corresponding chain extended diblock random copolymer poly(nPA0.8-co-
DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) in CDCl3. The assignments of the signals 
from the pendant groups of the copolymer are indicated.  
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Figure 3.S2 SEC chromatograms of (A) poly(nPA0.8-co-DEAEMA0.2) (macro-CTA) 
and (B) poly(nPA0.8-co-DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) (the diblock 
copolymer).  
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Figure 3.S3 The particle size distributions of the diblock random copolymer 
poly(nPA0.8-co-DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) in water (0.05 mg/mL) at 
pH 10 (A) and 7 (B) as observed by DLS at 90o. The corresponding AFM images of 
vesicles and their aggregates are shown for each distribution. 
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Figure 3.S4 The “abnormal” behavior of 0.05 mg/mL aqueous solution of 
poly(nPA0.8-co-DEAEMA0.2)-block-poly(nPA0.8-co-EA0.2) at pH 7 observed by UV-vis 
transmittance at 260 nm at a heating rate of 0.1 oC/min. At around 55 oC, a small but 
reproducible increase in transmittance is detected at 260 nm, which is not visible at 
higher detection wavelengths (300, 400, and 500 nm). No precipitation was visible to 
the eye in this temperature range and, hence, this shift could arise from the decrease in 
the number of smaller aggregates upon the collapse of poly(nPA0.8-co-DEAEMA0.2) 
block at temperatures above its cloud point. As a result, the shape of the temperature-
dependent transmittance graph is governed by the number and the size of the 
aggregates. This is evidenced by the disappearance of this “abnormal” small shift in 
transmittance at slightly higher detection wavelength (300 nm) and the large aggregate 
sizes at 55 °C determined by LLS. 
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Chapter 4 
Invertible vesicles and micelles formed by dually-
responsive diblock random copolymers in aqueous 
solutions*  
 
Abstract 
Dually-responsive diblock random copolymers poly(nPA0.8-co-DEAEMA0.2)-block-
poly(nPA0.8-co-EA0.2) were made from N-n-propylacrylamide (nPA), 2-(diethylamino)ethyl 
methacrylate (DEAEMA) and N-ethylacrylamide (EA) via reversible addition-
fragmentation chain transfer (RAFT) polymerization. Copolymers of different block length 
ratios, poly(nPA28-co-DEAEMA7)-block-poly(nPA29-co-EA7) (P1) and poly(nPA28-co-
DEAEMA7)-block-poly(nPA70-co-EA18) (P2), self-assembl into vesicles and micelle-like 
aggregates, respectively, in aqueous solutions and both show “schizophrenic” inversion 
behavior when the pH and temperature are varied. The relative lengths of the two blocks 
are shown to affect the self-assembly of amphiphilic diblock copolymers. P1 has a similar 
length for both blocks and forms spherical vesicles (hydrodynamic diameter Dh = 167 nm) 
with the first block poly(nPA29-co-EA7) as the membrane inner layer at pH 7 and 37 oC 
(above the cloud point of the more hydrophobic block, CP1), while spherical micelle-like 
aggregates (Dh = 76 nm) are obtained at pH 10 and 25 oC (above CP1) with the second 
block poly(nPA28-co-DEAEMA7) as the core. In comparison, P2 has a different block 
length ratio (1:3, thus a much longer second block) and forms spherical micelle-like 
aggregates above CP1 at both pH 7 (the second block as the core, Dh = 241 nm) and pH 10 
(the first block as the core, Dh = 107), respectively. Further aggregation was observed by 
heating the polymer solution above the cloud point of the more hydrophilic block (CP2). 
The variation of the length and chemical composition of the blocks allows the tuning of the 
 108
responsiveness of the block copolymers toward both pH and temperature and 
determines the formation of either micelles or vesicles during the aggregation. 
4.1 Introduction 
Amphiphilic block copolymers have attracted much research interest because of their 
capability of forming various self-assembled structures, particularly in aqueous solutions. 
Several reviews have been published on such amphiphilic systems and their self-
assemblies.1-8 The spontaneous self-assembly is the result of a balance between attractive 
and repulsive forces, such as hydrophobic interaction, hydrogen bonding, coordination to 
metals, and steric or electrostatic repulsion.9 Some parameters affecting this balance 
include the block ratio and the selectivity of the solvent. By introducing blocks responsive 
to different external stimuli, such as pH or temperature, it is possible to make systems that 
exhibit so-called “schizophrenic” behavior, forming invertible structures in aqueous 
solutions without the addition of organic solvents.10-13 The diblock copolymer based on 2-
(N-morpholino)ethyl methacrylate (MEMA) and 2-(diethylamino)ethyl methacrylate 
(DEAEMA) was the first reported copolymer capable of switching between micelles and 
inverted micelles by the change in ionic strength or pH of the solution.10 
The relative length of hydrophobic and hydrophilic segments is also expected to affect 
the self-assembly behavior of stimuli-responsive systems. We have earlier described the 
effect of adjusting the length of a single block on the aggregation mechanism of a thermo-
responsive triblock terpolymer poly(N-n-propylacrylamide)-block-poly(N-
isopropylacrylamide)-block-poly(N,N-ethylmethylacrylamide) (PnPA-b-PiPA-b-PEMA) in 
aqueous solutions.14 Homopolymers have been used as the consisting blocks  in most 
reported block copolymers to obtain spherical micelles,15-17 disc-18-20 and stacked disc-like 
micelles,19 rods,21 and various types of vesicles16, 22-25 in solution. More recently, 
thermoresponsive diblock copolymers consisting of random copolymers have been 
reported,26, 27 which self-assemble in aqueous solution at desired temperatures. The 
transition temperatures of individual blocks can be varied by adjusting their monomer 
compositions. In our previous work, we used this approach to prepare a symmetrical 
diblock random copolymer with tunable pH- and thermo-responsiveness, capable of 
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forming invertible structures responding to changing stimuli.28 This polymer was 
composed of two random copolymer blocks, one block responsive to temperature, poly(N-
n-propylacrylamide-co-N-ethylacrylamide) (poly(nPA0.8-co-EA0.2)), and another responsive 
to both pH and temperature changes, poly[N-n-propylacrylamide-co-2-(diethylamino)ethyl 
methacrylate] (poly(nPA0.8-co-DEAEMA0.2)). The pH-sensitive block became positively-
charged below its pKa and thus more hydrophilic with a lower cloud point. As a result, 
switchable vesicles were obtained where the membrane inner and outer layers were 
inverted by changing the pH or the temperature.  Due to the complexity of the obtained 
invertible systems, the aggregation mechanism of such diblock random copolymers remains 
to be better understood, especially the effect of the relative lengths of hydrophilic and 
hydrophobic segments on the aggregate morphology and the inversion process. In this 
work, we address this problem by changing the ratio of block lengths while keeping the 
block composition constant to explore the possibility of tuning the self-assembly behavior 
of dually stimuli-responsive diblock random copolymers, since the stimuli-induced 
inversion of the aggregates may be interesting for controlled loading and release 
applications.29 
4.2 Experimental 
4.2.1 Materials  
2,2’-Azobisisobutyronitrile (AIBN, from Eastman Kodak) was recrystallized from 
methanol. Acryloyl chloride, ethylamine (70 % aqueous solution) and n-propylamine were 
purchased from Aldrich, and were used without further purification. 2-(Diethylamino)ethyl 
methacrylate (DEAEMA, from Aldrich) was vacuum-distilled prior to use. Previously 
reported procedures were followed in the preparation of the monomers N-n-
propylacrylamide (nPA) and N-ethylacrylamide (EA)30 and the chain transfer agent 
(CTA)3-(benzylsulfanylthiocarbonylsulfanyl)propionic acid (BPA).31 Anhydrous and 
oxygen-free tetrahydrofuran (THF) was obtained by passing the solvent through columns 
packed with activated alumina and supported copper catalyst (Glass Contour, Irvine, CA). 
Water was purified using a Millipore Milli-Q system. 
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4.2.2 Polymer synthesis 
A previously reported method28 was used to prepare diblock random copolymers with 
the same monomer ratios but different chain lengths. The first block, poly(nPA28-co-
DEAEMA7), with a molar ratio of nPA:DEAEMA = 4:1 was synthesized with a molar ratio 
of 200:1:0.1 for the reaction mixture of [monomer]:[BPA]:[AIBN] during 60 min reaction 
time. The resulting random copolymer poly(nPA0.8-co-DEAEMA0.2)-CTA was then chain-
extended by RAFT copolymerization to provide another block with the same composition 
nPA : EA = 8:2 but different chain lengths. The first (P1) has nearly the same block length, 
poly(nPA28-co-DEAEMA7)-block-poly(nPA29-co-EA7), obtained from a reaction mixture 
of [monomer]:[macro-CTA]:[AIBN] with molar ratio of 200:1:0.1 during 90 min, and the 
second (P2) has a longer second block, poly(nPA28-co-DEAEMA7)-block-poly(nPA70-co-
EA18), with a reactant molar ratio [monomer]:[macro-CTA]:[AIBN] of 400:1:0.1 after 4 h.  
4.2.3 Polymer characterization  
Molar masses and polydispersity indices (PDI) of the polymers were determined by 
size exclusion chromatography (SEC) on a Waters 1525 system working with two Waters 
Styragel columns and a refractive index detector (Waters 2410). N,N-dimethylformamide 
(DMF) containing 0.01 M LiBr was used as the mobile phase at 50 °C with a flow rate of 1 
mL/min. Poly(methyl methacrylate) standards were used for the molar mass calibration. 
The NMR spectra of the polymers were recorded on a Bruker AV-400 NMR spectrometer 
operating at 400 MHz for protons in deuterated chloroform (CDCl3). 
The formation of the polymer aggregates was studied by dynamic light scattering 
(DLS) conducted on a Malvern Zetasizer instrument (Nano ZS) equipped with a 4 mW He-
Ne 633 nm laser. All solutions were prepared at a concentration of 0.05 mg/mL in pure 
Milli-Q water and dust was removed by filtering through 0.22-μm Millipore filters. 
Measurements were conducted in a backscattering (173o) mode. Intensity-weighted 
hydrodynamic diameter (Dh) values were obtained as a function of temperature with a 
heating rate of ca. 0.1 oC/min.  
The cloud points (CPs) of the polymers in aqueous solutions were determined from 
optical transmittance measured on a Cary 300 Bio UV-vis spectrophotometer with a Cary 
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temperature controller in the wavelength range of 260-500 nm. Polymer solutions in 
deionized water (0.05 mg/mL) were continuously heated at a rate of 0.3 °C/min over 
different temperature ranges. The cloud point (CP) was taken as the middle point between 
the onset and the offset of abrupt change in the transmittance curve as a function of 
temperature. 
Transmission electron microscopy (TEM) was performed on a FEI Tecnai 12 TEM at 
120 kV, equipped with AMT XR80C CCD camera system. Aqueous solutions of the 
copolymers (0.05 mg/mL) were heated with a Cary temperature controller. The solution 
was deposited on copper grids (300 mesh, Carbon Type-B, Ted Pella, Inc.) at a desired 
temperature and rapidly frozen in liquid nitrogen. The samples were lyophilized and kept 
under vacuum until use. 
Atomic force microscopy (AFM) images were acquired in air at room temperature 
using tapping mode at a scan rate of 1 Hz (Digital Instruments Dimension 3100 
microscope, Santa Barbara, CA). All images were acquired with a medium tip oscillation 
damping (20−30%). The samples were analyzed in the dried state via drop deposition of the 
0.05 mg/mL aqueous solution of the polymer onto a mica surface at a desired temperature 
followed by lyophilization. 
4.3 Results and discussion 
4.3.1 Preparation of diblock random copolymers 
The SEC chromatograms of the macro-CTA of the first block and the two final block 
copolymers are shown in Figure 4.1, demonstrating the livingness of the block 
copolymerization. The conversions of the polymerizations were kept low (25%) to avoid 
the presence of dead chains, assuring the living character of macro-CTA and relatively low 
polydispersity of final block copolymers. The monomer compositions of mono- and 
diblock copolymers were calculated from 1H NMR results, as described earlier.28 The final 
compositions of the blocks were close to the initial monomer ratio in the feed, and the 
statistical nature of the macro-CTA random copolymer composed of acrylamide (nPA) and 
methacrylate (DEAEMA) monomers, despite their different reactivities, was assumed on 
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the basis of frequent sampling of the reaction mixture and high reproducibility of the 
polymerizations,28 even though the possible formation of comonomer gradient32, 33 cannot 
be ruled out. The results of the block copolymerizations are summarized in Table 4.1. 
14 15 16 17 18 19 20
Volume (mL)
nPA0.8DEAEMA0.2P1P2
 
Figure 4.1 SEC chromatograms of P(nPA0.8DEAEMA0.2) (macro-CTA), P1 and P2 in 
DMF. Solvent signals appearing at elution volume ~20 mL are excluded. 
 
Table 4.1. Structural properties of mono- and diblock random copolymers. 
Entry 
P(nPA0.8-co-
DEAEMA0.2) 
P(nPA0.8-co-DEAEMA0.2)-b-P(nPA0.8-
co-EA0.2) 
 
Mn, 1st 
blocka PDI
a Mn, 2nd blockb Mn, totala PDIa L (nm)
c 
P1 4,800 1.15 4,000 8,800 1.21 13.3 
P2 4,800 1.15 12,100 16,900 1.30 20.4 
aDetermined by SEC in DMF against poly(methyl methacrylate) standards. bCalculated from SEC 
results. cContour length (L): the theoretical maximum length of the extended block copolymer 
polymer chain. 
 
4.3.2 Thermo-responsiveness in aqueous solutions  
We have previously shown that the thermo- and pH-responsiveness of the blocks can 
be adjusted according to their composition.26, 28 It was shown that the CPs of P(nPA0.8-co-
DEAEMA0.2) copolymer at pH 7 and 10 are 52 and 13 °C, respectively,28 although the CP 
slightly changes after addition of the second block. The pH-independent CP of P(nPA0.8-co-
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EA0.2) was found to be 33 °C.26 In general, a higher fraction of the more hydrophobic 
comonomer (nPA) leads to a lower cloud point, while the protonation of DEAEMA 
moieties upon decreasing pH makes the dually stimuli-responsive block more hydrophilic, 
thus raising its cloud point. The relative block length is known to influence the 
morphologies of self-assembled structures, and the phase transition temperatures of the 
individual blocks in a dually-responsive block copolymer are interdependent.16, 22, 26, 28 In 
this work, the length of the dually responsive P(nPA0.8-co-DEAEMA0.2) block is constant 
while the length of the thermo-responsive P(nPA0.8-co-EA0.2) block is varied. Therefore, 
the degree of protonation for the P(nPA0.8-co-DEAEMA0.2) block is expected to be the 
same for both P1 and P2 in the solutions.  
Figure 4.2 shows the transmittance curves of dilute (0.05 mg/mL) aqueous solutions of 
P1 and P2 upon heating at pH 7 and 10. When observed at 500 nm, a reduction in 
transmittance starting at 29 oC is observed for the solutions of both P1 and P2 at pH 7 
(Figures 4.2A and 4.2B). This transition corresponds to the cloud point of the more 
hydrophobic second block (CP1) at pH 7, poly(nPA29-co-EA7) for P1 and poly(nPA70-co-
EA18) for P2; the longer block has a slightly lower CP1 (Table 4.2), obviously an effect of 
the molar mass of the block. At pH 7, the poly(nPA28-co-DEAEMA7) block is partially 
protonated and thus more hydrophilic, but a clear transition in transmittance (CP2) can be 
observed corresponding to its collapse which results in the aggregation of the particles. This 
transition starts at 51 oC for P1 (Figure 4.2A) and 49 oC for P2 (Figure 4.2B), showing that 
the longer hydrophobic block of P2 has a somewhat stronger effect on the collapse of the 
partially protonated first block at pH 7. The second transition of P1 with block ratio of 1 : 
0.83 (Table 4.1) is close to the value reported earlier for the diblock random copolymer 
with the same monomer composition and similar block ratio, 1:1.25 (52 oC, P3 in Table 
4.2). 
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Figure 4.2 Dual stimuli-responsive behavior observed for 0.05 mg/mL aqueous 
solutions of (A) P1 at pH 7, (B) P2 at pH 7, (C) P1 at pH 10, and (D) P2 at pH 10 
measured by UV-vis transmittance at 2 different wavelengths at a heating rate of 0.3 
oC/min. A two-step transition is observed in most of the curves. 
At pH 10, the onset of the first transition (CP1) is observed at 14 oC, as shown in 
Figure 4.2C and 2D for both P1 and P2. The poly(nPA28-co-DEAEMA7) block is now in its 
deprotonated form, making it the more hydrophobic block with a lower cloud point. The 
shifts in transmittance at pH 10 are less pronounced than at pH 7, making the determination 
of the exact middle points of the transitions and the onset temperature of CP2 for P2 more 
difficult. The relatively short poly(nPA29-co-EA7) block in P1 does not show a clear change 
in the transmittance to yield a CP2 (Figure 4.2C), while the transition for longer 
poly(nPA70-co-EA18) in P2 with a block ratio 1:2.25 starts at 28 oC (Figure 4.2D). 
However, a marked increase of the Dh for both P1 and P2 was observed at CP1 and CP2 in 
the DLS measurements at pH 10 (Figure 4.3B) similar to the observation by Weiss et al.15 
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The strong wavelength dependence of scattering (~ λ-4) is responsible for the larger 
change in transmittance at a shorter wavelength (260 nm) in all the graphs of Figure 4.2. 
All these thermally-induced transitions are reversible, and clear aggregate-free solutions 
were obtained by cooling the solutions below the first cloud points. 
Table 4.2. The cloud points of the diblock random copolymers. Values measured by 
UV-vis transmittance at 500 nm. 
 
CP1 (oC)a CP2 (oC)a Mn (g/mol)b 
Onset Middle Onset Middle 1st block 2nd block 
pH 7 
P1 29 38 51 56 4,000 4,800 
P2 28 32 49 55 12,100 4,800 
P3c 33 40 53 55 8,100 6,500 
pH 10 
P1 14 25 - - 4,800 4,000 
P2 14 21 28 30 4,800 12,100 
P3c 16 18 23 31 6,500 8,100 
aThe two values correspond to the 50% decrease in transmittance between the onset and the offset 
of the transmittance curves observed at 500 nm. bHere, the 1st and 2nd blocks under the Mn column 
correspond to the 1st and 2nd blocks to aggregate, showing CP1 and CP2 at each pH, respectively. 
For example, the 1st block at pH 7 and 10 refers to P(nPA0.8-co-EA0.2) and P(nPA0.8-co-
DEAEMA0.2), respectively. cP3; poly(nPA48-co-DEAEMA12)-block-(nPA43-co-EA11) prepared in 
our previous work.28 
4.3.3 Self-assembly of diblock random copolymers. 
The evolution of the mean hydrodynamic diameter (Dh) of the polymers in water at a 
concentration of 0.05 mg/mL was followed as a function of temperature at pH 7 and 10, 
and the results are shown in Figure 4.3. The pH- and temperature-dependent self-assembly 
of block random copolymers was also visualized by TEM and AFM of freeze-dried 
solutions. At pH 7 and below 27 oC, the solutions consist mostly of molecularly dissolved 
polymer chains (Figure 4.3A). However, the size distributions for both P1 and P2 were 
bimodal (Figures 4.S2A and 4.S2B) due to the presence of a small fraction of loose 
aggregates arising from the interaction between the hydrophobic moieties,34 which are in a 
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fast exchange equilibrium with single chains.35 The polymer chains start to self-
assemble with rising temperature, and the more hydrophobic poly(nPA29-co-EA7) block in 
P1 and poly(nPA70-co-EA18) in P2 undergo a phase transition. Observed by DLS, above the 
first cloud point of P1, the size of the aggregates remains at ~170 nm up to 54 oC (range I in 
Figure 4.3A). This size is larger than the contour length of the polymer would suggest for a 
normal radius of simple micelles or star-like aggregates (13.3 nm, Table 4.1). TEM (Figure 
4.4A)  and AFM (Figure 4.5A) images of a freeze-dried sample of P1 at pH 7 and 37 °C 
(Table 4.3) reveal the vesicular morphology and spherical shape of the aggregates, where 
the membrane inner layer should consist of the more hydrophobic P(nPA0.8-co-EA0.2) 
block. Raising the temperature above 52 oC induces an increase in Dh to ~230 nm (stage II) 
corresponding to another step of thermoresponsive aggregates. 
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Figure 4.3. Temperature dependence of the mean hydrodynamic diameter (Dh) 
obtained by dynamic light scattering for 0.05 mg/mL aqueous solution of P1 and P2 at 
(A) pH 7 and (B) pH 10. 
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Figure 4.4. TEM images of 0.05 mg/mL aqueous solutions deposited on copper grids 
for (A) P1 at pH 7 and 37 oC, (B) P2 at pH 7 and 37 oC, (C) P1 at pH 10 and 25 oC, and 
(D) P2 at pH 10 and 25 oC. The blue and red segments in the insets correspond to 
poly(nPA0.8-co-DEAEMA0.2) and poly(nPA0.8-co-EA0.2), respectively. 
 
Table 4.3. Mean diameters of self-assemblies (in nm) measured by different methods 
for the aqueous solutions of P1 and P2 at pH 7 and 10.   
condition 
 
CP1 < T1 < CP2 CP2 < T2 
pH T1 (°C) T2 (°C) DLSa AFMb TEMb DLSa AFMb 
7 37 55 
P1 167 75 48 (33-67) 230 138 
P2 241 65 26 (18-168) 170 125 
10 25 37 
P1 76 88 77 (21-212) 118 104 
P2 107 70 65 (21-442) 186 73 
aIntensity-weighted mean hydrodynamic diameter (Dh) in 0.05 mg/mL aqueous solution. bNumber-
averaged mean diameter of dried aggregates (the size range is given in the brackets). Larger-sized 
aggregates are clusters of several micelles.  
(A) P1, pH 7, 37 oC (B) P2, pH 7, 37 oC 
(C) P1, pH 10, 25 oC (D) P2, pH 10, 25 oC 
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The behavior of P2 at pH 7 above the CP1 is quite different from that of P1. 
Increasing the temperature above 28 oC results in a mean hydrodynamic diameter of ~190 
nm, measured by DLS (point III in Figure 4.3A). Again, the size of the aggregates is larger 
than the contour length of P2 (20.4 nm) corresponding to the size of simple micelles (Table 
4.1). Unlike P1, there is no evidence for vesicle formation in the TEM images of P2 (Figure 
4.4B). However, single micelles with collapsed poly(nPA70-co-EA18) core were observed 
by TEM (Figure 4.4B) and AFM (Figure 4.5B) at 37 oC. Large aggregates (up to 168 nm, 
Table 4.3) were also observed by TEM for P1 which seem to be clusters of micelles. The 
aggregates grow to 315 nm (point IV in Figure 4.3A, AFM images in Figure 4.S1) at higher 
temperatures. The large poly(nPA70-co-EA18) core may not be sufficiently stabilized by the 
relatively short hydrophilic poly(nPA28-co-DEAEMA7) blocks, similar to the observation 
by Weiss et al.15 for amphiphilic diblock copolymers. Further heating to 55 °C (Table 4.3) 
leads to the dehydration of the more hydrophilic block and the collapse of the aggregates, 
as indicated by a decrease in Dh (stage V in Figure 4.3A). The mean sizes of the aggregates 
estimated by the different methods for P1 and P2 below and above CP2 at pH 7 are listed in 
Table 4.3. The mean diameters obtained by AFM and TEM are the average of at least 50 
particles. The corona of the particles are charged and highly hydrated at pH 7, resulting in 
large hydrodynamic diameters obtained by DLS comparing to those by TEM in the dried 
state.  
Both P1 and P2 show bimodal size distributions in the DLS measurements (Figures 
4.S2C and D) at pH 10 below the CP1 of the more hydrophobic block, which is now the 
deprotonated poly(nPA28-co-DEAEMA7). P1 shows an increase in particle size at 12 oC, 
while P2 shows the same increase starting at a slightly higher temperature (14 oC). This 
small difference may be attributed to the presence of a longer neighboring P(nPA0.8-co-
EA0.2) block in P2 (poly(nPA70-co-EA18)). Both polymers show two transitions in Figure 
4.3B with a plateau between CP1 and CP2 (30 oC). The shorter hydrophilic block in P1 
results in a smaller mean hydrodynamic diameter of the aggregates at 25 oC (76 nm, point 
VI in Figure 4.3B) than in the case of P2 (107 nm, point VIII in Figure 4.3B). On the basis 
of TEM (Figures 4.4C and D) and AFM (Figures 4.5C and D) images, small micelles with 
collapsed poly(nPA28-co-DEAEMA7) core were observed together with large aggregates of 
the micelles for both P1 and P2 at 25 oC (Table 4.3). In TEM images also the large 
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aggregates of P1 have smaller diameters than P2. On the other hand, the longer 
hydrophilic block in P2 at pH 10 results in more stable micelles. Therefore, P2 solution has 
a larger population of small micelles than P2, which results in lower number-averaged 
mean diameter obtained by TEM (Table 4.3). Increasing the temperature to 37 °C (Table 
4.3), above CP2 of both P1 and P2, leads to the dehydration and collapse of poly(nPA0.8-
co-EA0.2) block accompanied by further aggregation resulting in an increase in particle size 
corresponding to stages VII and IX in Figure 4.3B for P1 and P2, respectively. This is also 
observed in the AFM images of the aggregates at 37 oC (Figure 4.S3). The mean sizes of 
aggregates estimated by the different methods for P1 and P2 below and above the CP2 at 
pH 10 are listed in Table 4.3. As expected, larger and less regular aggregates are obtained 
above the CP2 for P2 with a longer corona block, similar to the results of Laschewsky and 
coworkers.15 While P2 continued to aggregate with increasing temperature, P1 shows a 
slight decrease in Dh upon further heating. This difference may arise from the different 
lengths of the corona blocks.  
 
 
Figure 4.5. AFM images of aqueous solutions (0.05 mg/mL) of P1 and P2 above their 
CP1, deposited on mica. (A) P1 at pH 7 and 37 oC, (B) P2 at pH 7 and 37 oC, (C) P1 at 
pH 10 and 25 oC, and (D) P2 at pH 10 and 25 oC. 
(A) P1, pH 7, 37 oC (B) P2, pH 7, 37 oC 
(C) P1, pH 10, 25 oC (D) P2, pH 10, 25 oC 
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P1 is a nearly symmetric block copolymer, where the ratio of poly(nPA28-co-
DEAEMA7) and poly(nPA29-co-EA7) blocks is 53:47 wt%, and with this composition, 
either vesicles or micelles may be formed as reported in the literature on stimuli-responsive 
block copolymers.16, 22, 26, 28 When the temperature of its solution at pH 7 is raised to 37 oC, 
the polymer chains self-assemble to form vesicles with poly(nPA29-co-EA7) and 
poly(nPA28-co-DEAEMA7) blocks as the inner and outer layers of the membrane, 
respectively, as depicted in Scheme 4.1A. Heating above the CP of the poly(nPA28-co-
DEAEMA7) block leads to aggregation, and large clusters of spherical aggregates can be 
observed by AFM (Figures 4.S3A and B). On the other hand, increasing the pH of the 
solution of P1 up to 10 at a constant temperature of 25 oC results in the formation of 
spherical micelles with a poly(nPA28-co-DEAEMA7) core and a poly(nPA29-co-EA7) 
corona, which aggregate further when the temperature rises above the CP of the 
poly(nPA29-co-EA7) block. Interestingly, vesicles were obtained in our previous study28 
under the same conditions for P(nPA0.8-co-DEAEMA0.2)-b-P(nPA0.8-co-EA0.2) with a 
slightly different block ratio, 45:55 wt%, and longer blocks (6500 and 8100 g/mol vs. 4800 
and 4000 g/mol of the current work). This suggests that the composition of the block 
random copolymer may be quite critical for the self-assembly process, and the 
compositions close to 50:50 wt% could be on the threshold of different aggregate 
morphologies for such a polymer system. 
The ratio of poly(nPA28-co-DEAEMA7) and poly(nPA70-co-EA18) blocks in P2 is 
31.5:68.5 wt%. This polymer forms invertible micelles at pH 7 and 10 above the CP of the 
more hydrophobic block (CP1), where the core and the shell blocks may be switched 
according to the pH of the solution. Micelles at pH 7 with a partially protonated 
poly(nPA28-co-DEAEMA7) shell are more stable than their inverted counterparts at pH 10. 
Therefore, single micelles contribute to the majority of the particles formed by P2 at pH 7 
(Figure 4.4B), while the solution at pH 10 mostly contains bigger aggregates of the 
micelles (Figure 4.4D). However, because of the much longer poly(nPA70-co-EA18) block 
in the core, further aggregation was observed for the micelles with poly(nPA28-co-
DEAEMA7) shell, and large clusters of the aggregates are observed for P2 at pH 7 and 45 
°C (Scheme 4.1B), which collapse when heated above the CP of the poly(nPA28-co-
DEAEMA7) block (55 °C in Scheme 4.1B). The morphological changes of P1 and P2 are 
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different from those observed for pH- and temperature-responsive poly(N,N-
diethylaminoethyl methacrylate)-block-poly(N-isopropylacrylamide) (PDEAEMA-b-
PNIPAM), which forms spherical micelles at a block ratio of 47:53 wt% at high pH or high 
temperature, but shows a micelle-to-vesicle transition at the composition of 29:71 wt%.16 In 
that case, each of the blocks responds to a different stimulus, while introducing a dually-
responsive block into a thermo-responsive block brings about double thermo-sensitivity 
and, at the same time, makes the aggregation behavior of our system more complex, as 
indicated by the visually observable polydispersity and large sizes of the aggregates. 
Therefore, Scheme 4.1 represents only a simplified picture of the self-assembly of the real 
system. 
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Scheme 4.1. Invertible micellization behavior of (A) P1, above, and (B) P2, below, in 
water by changing the temperature and pH. The representative images were taken 
from larger AFM images. 
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4.4 Conclusion 
Dually-responsive diblock random copolymers are capable of forming either micells or 
vesicles in aqueous solutions. The change in the relative hydrophilicity of the blocks results 
in inverted structures, and may switch the self-assembled morphology between vesicles and 
micelles. In general, molecularly dissolved polymer chains together with loose aggregates 
co-exist at a lower temperature, but larger aggregates form above the cloud point of the 
copolymer. In the case of the symmetric diblock copolymer P1 of similar block lengths, 
vesicles may form during heating, while micelles are obtained together with micellar 
aggregates by raising the pH. The process is accompanied by a switch of the more 
hydrophobic block of the copolymer. Upon changing the relative lengths of the blocks as in 
the case of P2 with a much longer second block, micelles with a small fraction of micellar 
aggregates form under identical conditions while the core and shell of the micelles switch 
when the stimuli (temperature or pH changes) are applied. The ease in the adjustment of the 
composition and block length in the preparation of such copolymers provides the 
possibility of making a variety of copolymers which may form different types of aggregates 
in aqueous solutions and may switch or change their assembled structures under 
controllable conditions. Switching between vesicles and micelles may provide a convenient 
way for fast release of encapsulated reagents. The positively-charged surface of the vesicles 
in the case of the protonated form of the polymer may interact with biological membranes 
via electrostatic interactions destined for biochemical applications. 
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Figure 4.S1 AFM image of P2 on mica at pH 7 and 47 °C corresponding to point IV 
in Figure 4.3A.
0.0
0.5
1.0
(A) P1, pH 7, 15 oC
(C) P1, pH 10, 6 oC (D) P2, pH 10, 6 oC
(B) P2, pH 7, 15 oC
10 100 1000
0.0
0.5
1.0
N
or
m
al
iz
ed
 in
te
ns
ity
Dh (nm)
10 100 1000
Figure 4.S2. The particle size distributions for 0.05 mg/mL aqueous solutions of (A) 
P1 at pH 7 and 15 °C, (B) P2 at pH 7 and 15 °C, (C) P1 at pH 10 and 6 °C, and (D) P2 
at pH 10 and 6 °C as observed by DLS. The temperature is below the CP1 for both P1 
and P2. 
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Figure 4.S3. AFM images of 0.05 mg/mL aqueous solutions of P1 and P2 above their 
CP2, deposited on mica. (A) P1 at pH 7 and 55 °C, (B) P2 at pH 7 and 55 °C, (C) P1 at 
pH 10 and 37 °C, and (D) P2 at pH 10 and 37 °C. 
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Chapter 5 
Conclusions and future work 
   
 
5.1 General conclusions 
Diblock copolymers play an important role in many fields of science and technology. 
However, there were no publications describing block copolymers that can respond to the 
external stimuli in a controlled manner when the present research began. All reported 
materials respond under a fixed condition (temperature and/or pH). The main idea of the 
present work was to develop a novel diblock polymer in which both blocks can be tuned 
separately to respond to the external stimuli in a controlled fashion. For the first time, 
diblock random copolymers for this purpose are introduced in this work. Those polymers 
benefit from two major modification methods to provide tunable stimuli–responsive 
polymeric materials with double step responsiveness. Block copolymerization is the first 
modification method to obtain multi-responsive copolymers.1 The second method is using 
random copolymers as the constituent block, which allows for the tuning of the cloud point 
by adjustment of the comonomer ratio.2 Here, both modification methods were combined. 
5.1.1 Polymer synthesis 
Sequential RAFT polymerization was successfully used to make random copolymers 
and chain extended diblock random copolymers. 
To obtain double thermoresponsive diblock random copolymers, poly(nPAx-co-EA1-x)-
block-poly(nPAy-co-EA1-y) copolymers were made. They were successfully made by RAFT 
polymerization with a proper selection of CTA. DMP can serve as a good RAFT agent for 
nearly statistical polymerization of monosubstituted N-alkylacrylamides, nPA and EA due 
to their similar activities in RAFT polymerization. Kinetics of the copolymerization and the 
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composition of the polymers have been investigated to obtain block copolymers with 
desired properties. The conditions for obtaining copolymers with well-defined structures 
and narrow molecular weight distributions were developed and optimized.  
The same synthetic approach was applied to make diblock random copolymers with 
both pH- and thermo-responsiveness. Well-defined diblock random copolymers in the form 
of AnBm-b-ApCq were prepared using sequential RAFT polymerization, where A, B and C 
are nPA, DEAEMA, and EA, respectively. Copolymerization of DEAEMA with nPA can 
induce pH-responsiveness to the “smart” polymer. In this work, it was observed that not 
only can we make random copolymers with well-defined structure using monosubstituted 
N-alkylacrylamides (nPA and EA) comonomers, but by choosing an appropriate RAFT 
polymerization condition we can also prepare random copolymers with desired 
compositions from methacrylate-based (DEAEMA) and acrylamide-based (nPA) 
comonomers, despite their different reactivities in free radical polymerization. Combining 
pH- and temperature-responsive poly(nPA0.8-co-DEAEMA0.2) and temperature-responsive 
poly(nPA0.8-co-EA0.2) random copolymers in a diblock resulted in a system that is 
responsive to multiple stimuli. It was also found that methacrylate-based DEAEMA must 
be part of the first synthesized block, because it cannot add to poly(nPA-co-EA)-CTA for 
chain extension to a diblock.  
5.1.2 Solution behavior of the polymers 
Tunable cloud points could be obtained by adjusting the comonomer ratio for random 
copolymers within the temperature range of 20-85 °C. Greater hydrophilic monomer 
content results in higher temperature at which the random copolymers respond. On the 
other hand, an appropriate design of both blocks could result in a clear stepwise 
aggregation of the block copolymer. It was shown in this thesis that by applying two 
modification methods on the same polymer we were able to tailor the response of each 
block in a double step responsive system. If the difference in the cloud points of two blocks 
is at least 15 oC, it is possible to observe two distinct transition temperatures for the 
aqueous solution of double thermo-responsive diblock random copolymer made from N-
alkyl-substituted acrylamides. In this regard, poly(nPA0.7-co-EA0.3) with the CP of 37oC 
(near the physiological temperatures) and poly(nPA0.4-co-EA0.6) with the CP of 52oC were 
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selected. Therefore, the diblock copolymer exhibited a two-step phase transition upon 
heating. Increasing the temperature up to 41 oC resulted in the collapse of the first block 
and aggregation of the polymer chains, while further heating to 53 °C induced further 
clustering and contraction of the shell through the dehydration of the outer block.  
Introducing pH-responsiveness to the diblock random copolymer resulted in tunable 
thermo- and pH-responsive diblock random copolymers that show interesting 
“schizophrenic” behavior. Combining pH- and thermo-responsive poly(nPA0.8-co-
DEAEMA0.2) and temperature-responsive poly(nPA0.8-co-EA0.2) random copolymers in a 
diblock copolymer results in a switchable system that is responsive to double stimuli. The 
block copolymers were molecularly dissolved in water at 25 oC (pH 7), self-assembling to 
vesicles or micelles with poly(nPA0.8-co-EA0.2) as the hydrophobic core at 37 oC (pH 7), 
while the core and corona could be switched at 25 oC (pH 10). It was observed that block 
symmetry influences the solubility and the micellization process. In fact, the architecture of 
the self-assemblies in aqueous solution depends on the chain length of the blocks, resulting 
in switchable vesicles and micelles. The block copolymer self-assembles to vesicles at 37 
oC (pH 7) and vesicles with the inverted membrane core and the corona at 25 oC (pH 10) 
for the block ratio 44:56 wt% for poly(nPA0.8-co-DEAEMA0.2): poly(nPA0.8-co-EA0.2). For 
the block ratio of 53:47 wt%, vesicles with poly(nPA0.8-co-EA0.2) as the membrane core 
form at elevated temperature while spherical micelles with poly(nPA0.8-co-DEAEMA0.2) as 
the hydrophobic core are obtained by increasing the pH. When the block ratio is 31.5:68.5 
wt%, by increasing the temperature, spherical micelles are formed with poly(nPA0.8-co-
EA0.2) as the core, and by increasing the pH, poly(nPA0.8-co-DEAEMA0.2) is the core of the 
micelles. In addition, two-step phase transitions, corresponding to the cloud points of the 
individual blocks, were observed in both alkaline and neutral solutions. The results suggest 
that even relatively minor changes in block ratios can alter the morphologies of aggregates 
and the thermo-responsive behavior of the polymers, which emphasizes the importance of 
controlled syntheses. 
5.1.3 Characterization 
Several analytical techniques were optimized in this study to determine the solution 
behavior of diblock random copolymers. Best results were obtained for heating rates 
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between 0.1 and 0.3 oC/min and solution concentrations between 0.05 and 1 mg/mL for 
UV-vis spectroscopy, DLS, and SLS studies. In addition to heating rate and concentration, 
sample preparation is of importance for AFM and TEM imaging. Lyophilization of a drop 
of solution at the desired temperature on the preheated substrate allowed for successful 
AFM and TEM imaging. A variety of techniques, particularly GPC, 1H-NMR, DLS, SLS, 
zeta potential measurements, as well as the imaging techniques, AFM and TEM, 
demonstrated successful controlled radical polymerization, tunable thermo- and pH-
responsiveness, “schizophrenic” behavior, various morphologies by applying different 
combinations of stimuli, and the effect of polymer structure on the solution behavior. 
5.2 Perspectives of the project  
These block random copolymers expand the scope of smart polymers and give the 
promise of novel materials with tailored stimuli-responsive properties. There may be 
possible opportunities for fundamental studies on their solution behavior, in addition to 
potential applications where tuned multi-responsiveness to temperature and/or pH is 
needed. 
5.2.1 Fundamental studies on the aggregation mechanism 
Double thermo-responsive diblock random copolymers of pre-determined 
compositions have been made in this work. In Chapter 2, the same monomers are used for 
both blocks but of different molar ratios, i.e., nPA:EA ratios of 70:30 and 40:60 for the first 
and second blocks, respectively. In chapters 3 and 4, the same monomer molar ratio, 80:20, 
was chosen, but one of the monomers was different in each block, namely, 80:20 
nPA:DEAEMA and nPA:EA in the first and second blocks, respectively. In addition, the 
length of the second block varied from 1 to 2.5 times the molecular weight of the first 
block. The variation of the polymers afforded a collection of stimuli-responsive copolymers 
that help to elucidate the mechanisms of the formation of different morphologies of the 
self-assemblies and provide a better physico-chemical understanding of these complex 
systems.  
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The first block in the double stimuli-responsive copolymer consists of both thermo- 
and pH-responsive monomers (nPA and DEAEMA), while the second block consists of 
only thermo-responsive monomers (nPA and EA). Incorporation of the pH-responsive 
monomer in the second block of thermo- and pH-responsive polymer increases further the 
complexity of this kind of diblock random copolymers. This could be interesting in the 
context of advanced dual behavior materials. 
The copolymers in this thesis consist of mono-substituted N-alkylacrylamides, nPA 
and EA. We had also prepared random copolymers with well-defined structure from a 
combination of mono- and di-substituted N-alkylacrylamides. RAFT copolymerization of 
N-tert-butylacrylamide (tBA) and N,N-dimethylacrylamide (DMA) resulted in thermo-
responsive copolymers, while PDMA and PtBA homopolymers are soluble and insoluble in 
water, respectively. Although the random copolymers showed a variable cloud point that 
depended on the monomer composition, the diblock copolymer obtained from the two 
random blocks did not show the expected stepwise thermo-responsiveness. Therefore, these 
results are not discussed in this thesis. Future experiments on the properties of self-
assemblies in solution of copolymers with greater differences in structure and composition 
would be useful in this context. 
5.2.2 Potential applications 
Application for CO2 sensor. Thermo- and CO2-responsive random copolymers made 
from NIPAM and DMAEMA (or DEAEMA) were reported by Han et al.3 CO2 bubbling in 
these polymer solutions has the same effect as decreasing the pH and results in protonation 
of the pendant tertiary amine in DMAEMA (or DEAEMA). Therefore, CO2 bubbling 
makes the polymer chains more hydrophilic and shifts the LCST of the polymer to a higher 
temperature. Inversely, purging an inert gas such as N2 or Ar in the polymer solution 
removes CO2 and results in deprotonation of the amine groups which shifts the LCST of the 
polymer solution to a lower temperature. Figure 5.1 shows the effect of CO2 bubbling for 
one minute in the 0.5 mg/mL aqueous solution of poly(nPA28-co-DEAEMA7) at room 
temperature. The opaque solution in Figure 5.1A shows that poly(nPA28-co-DEAEMA7) is 
insoluble in water at room temperature (cloud point of 14 oC). However, protonation of the 
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DEAEMA amine groups caused by CO2 bubbling forms a transparent solution of 
dissolved polymer (Figure 5.1B).  
 
Figure 5.1 Photographs of the 0.5 mg/mL aqueous solution of poly(nPA28-co-
DEAEMA7) at room temperature after passing CO2 or N2 through the solution. 
Application for separation. Self-assembly properties of block copolymers provide a 
good opportunity for good separation performances. Liu et al.4 separated basic proteins via 
physical coating of poly(ethylene oxide)-block-poly(4-vinylpyridine) in capillary zone 
electrophoresis. By using diblock random copolymers, we can design desired compositions 
of random copolymers that enable the polymer to be in the collapsed or swollen state in 
solution at desired temperatures and pH. Moreover, double step responsiveness can be used 
in microphase separation techniques. Hydrophobic agents can be encapsulated in the 
hydrophobic core of core-shell micelles stabilized by a hydrophilic corona formed above 
the first transition temperature (T1). Separation will be completed by insoluble aggregates 
formed by heating the solution to the second transition temperature (T2). The proposed 
mechanism for separation is shown in Figure 5.2. 
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Figure 5.2 The proposed mechanism for separation of the hydrophobic agent (green 
circles) by two step transition of the double thermoresponsive polymer.  
Surface modification. The properties of the thin films or nanoparticles can be altered 
by stimuli-responsive polymers grafted on their surface. For example, Zhang et al.5 
reported an “on-off” catalytic behavior for gold nanoparticles coated by poly(2-
diethylaminoethyl methacrylate) (PDEAEMA-AuNPs). CO2 purging in the solution 
resulted in the dissolved and extended polymer chains on the AuNPs surface and promoted 
the catalytic properties of the AuNPs for the reduction of 4-nitrophenol into 4-
aminophenol. On the other hand, the removal of CO2 by N2 bubbling could put the AuNPs 
in the catalysis “off” state. 
The surface properties can switch from the property of one polymer to the property of 
the second polymer in a dually responsive block copolymer. Diblock random copolymers 
can be considered as interesting candidates to modify the solid surfaces in this regard. An 
ultimate suggested application could be the selective catalyst for certain reactions. If each 
block is functionalized with a certain active agent (catalytic site), the corresponding 
reaction could be promoted or quenched due to the expansion or collapse of the block, 
respectively. Thermo- and pH-dependent swelling and shrinking of the shell could be used 
for alternately exposing and hiding functional groups in diblock random copolymers, which 
modulates the catalytic activity of the system. 
As shown in Figure 5.3A, each block can collapse while the other is still swollen. 
Hence, the active sites on each block can be selectively exposed to the reactants in the 
solution. Another possible architecture for surface modification is the individual grafting of 
the random copolymers on the surface (Figure 5.3B). As mentioned earlier, we can control 
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the pH and temperature at which the polymer can collapse and swell by designing an 
appropriate composition for the random blocks. Therefore, a wide range of reaction 
conditions can be applied for this system. 
 
Figure 5.3 Proposed dual behavior of surface-grafted (A) diblock random copolymer, 
and (B) individual random copolymers bearing active sites (spheres and triangles) 
Biocompatibility of diblock random copolymers. Although there are numerous 
examples of polymeric stimuli-responsive systems, their in vivo biomedical applications 
remain to be explored. Most of the pH-responsive polymers contain amine or carboxyl 
groups, and they have serious limitation in biological application, because they are not 
biodegradable.6 On the other hand, thermoresponsive poly(N-alkylacrylamide)s are also 
generally nondegradable. Future studies will be required to benefit from unique properties 
of diblock random copolymers in vivo applications by using biocompatible polymers such 
as elastin-like polymers (ELPs) and poly(L-glutamic acid) (PGA) as thermo- and pH-
responsive blocks, respectively. ELPs are repetitive polypeptides similar to the elastin 
structure which consists of a pentapeptide repeat, VPGXG, where V stands for L-valine, P 
for L-proline, G for glycine, and X represents any natural amino acid except proline. The 
design of ELPs with a desired LSCT between 0 to 100 oC has recently been reviewed.7 
Biomedical applications. Although the described system in this work is not proven 
yet to be biocompatible, it shows interesting properties that would be promising for certain 
biomedical applications such as drug release. 
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Release study of the encapsulated agent. It would be interesting to investigate the 
controlled release of encapsulated agents from both micelles and vesicles formed by our 
polymers (Figure 5.2). As mentioned earlier, our system has a unique block copolymer 
structure where each block consists of a random copolymer. The random nature of the 
blocks allows for fine tuning of the pH and temperature at which micelles or vesicles can 
form. The dual behavior which stems from the diblock nature of the copolymer can induce 
reversibility of the micelles and vesicles. For example, we can design a polymeric system 
with the ability of making micelles (or vesicles) at pH~4 and 37 oC (stomach condition), 
which is also capable of inversion at pH~8.5 and 37 oC (duodenum condition). Formation 
of the micelles (or vesicles) with the inverted core and shell is quite interesting in two 
ways: (1) rapid release of the encapsulated agent can take place, and (2) no individual 
polymer chains remain in the gastrointestinal tract, and unnecessary carrier can be removed 
after release in the form of aggregates. 
Polymer vesicles (polymersomes) are of particular interest due to their hydrophobic 
membrane and hydrophilic corona, as well as their central hollow cavity, which has been 
proposed to facilitate their use as delivery vehicles in biomedical applications.8 The 
rearrangement of self-assemblies from vesicles to micelles, observed in thermo- and pH-
responsive diblock random copolymers, could be used for controlled and fast release of 
encapsulated agents similar to the observation by Doncom et al.9 
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